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INTRODUCTION: 


Paget’s  disease  of  bone  represent  the  seeond  most  eommon  bone  disease  after 
osteoporosis  and  affects  approximately  2-3  million  people  in  the  United  States.  We 
shown  that  bone  marrow  cells  from  patients  with  Paget’s  disease  express  measles  virus 
nucleocapsid  protein  (MVNP)  transcripts  and  further  demonstrated  that  expression  of  the 
Edmonston  MVNP  gene  in  normal  osteoclast  (OCL)  precursors  results  in  formation  of 
OCL  that  share  many  of  the  characteristics  of  OCL  from  Paget’s  patients.  The  MVNP 
gene  contained  several  sense  mutations,  which  constituted  1%  of  the  nucleotide 
sequence.  The  pathologic  significance  of  MVNP  and  associated  mutations  to  induce 
abnormal  OCL  formation  and  activity  in  Paget’s  disease,  is  unknown  (1).  RANKL  is  a 
member  of  Tumor  necrosis  factor  (TNL)  family  member  that  is  expressed  on 
stromal/osteoblast  cells  and  RANK  receptor  is  expressed  on  committed  osteoclast 
precursor  cells.  RANKL/RANK  signaling  is  critical  for  osteoclast  differentiation  and 
bone  resorption  activity  in  vitro  and  in  vivo  (2,3).  We  have  recently  cloned  and 
identified  the  Ly-6  family  member,  osteoclast  inhibitory  peptide-1  (OlP-l/hSca)  which 
inhibits  osteoclast  formation  and  bone  resorption  activity.  We  have  further  demonstrated 
that  OIP-1  significantly  inhibits  TNL  receptor  associated  factor-2  (TRAP-2)  and  c-Jun 
kinase  activity  in  osteoclast  precursor  cells  (4).  Our  hypothesis  is  that  MVNP 
expression  in  osteoclast  precursors  modulates  the  status  of  RANK  receptor  signaling 
molecules  leading  to  Pagetic  OCL  development  in  Paget’s  disease.  OIP-1  blocks  these 
signaling  events  and  inhibits  MVNP  induced  osteoclastogenesis  and  elevated  bone 
resorption  activity  in  patients  with  Paget’s  disease. 


BODY: 

The  progress  on  Task-1  (1-24  months)  in  the  statement  of  work  is  as  follow: 

Task  1.  Determine  the  sensitivity  of  MVNP  transduced  osteoclast  precursors  to 
RANK  Ligand  (RANKL)  and  TNF-alpha  stimulation  to  form  pagetic  osteoclasts 
(Months  1-24): 

(a)  Test  the  dose  response  effect  of  RANKL  and  TNF-alpha  on  MVNP 
transduced  osteoclast  precursors  to  form  Pagetic  osteoclasts  (Months  1- 

7). —  We  have  developed  retroviruses  to  transduce  osteoclast  precursors  with 
empty  vector  or  MVNP  to  assess  the  effects  on  osteoclasts.  We  have  tested  the 
dose  response  effect  of  RANK  ligand  (RANKL)  on  MVNP  induced 
osteoclastogenesis.  Bone  marrow  derived  osteoclast  precursor  cells  (CLU-GM) 
transduced  with  MVNP  were  stimulated  with  various  concentrations  of  RANKL 
in  the  presence  of  M-CSL  (10  ng/ml)  for  7  days.  Empty  vector  transduced  cells 
served  as  control  to  these  experiments.  As  shown  in  Lig.la,  RANKL  enhanced 
MVNP  stimulation  of  osteoclastogenesis  in  a  dose  dependent  manner.  MVNP 
transduced  osteoclast  precursosrs  resulted  in  formation  of  pagetic  osteoclasts 
(Pig. IB)  as  identified  by  tartrate  resistant  acid  phosphatase  (TRAP)  activity 
staining.  The  nuclear  number  in  the  MVNP  transduced  osteoclasts  were 
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increased  significantly.  Similarly,  MVNP  transduced  normal  human  CFU-GM 
showed  inereased  responsivity  to  TNF-alpha  approximately  two-fold.  Task-2 
studies  ongoing  will  further  delineate  associated  signaling  mechanisms  using 
RAW264.7  mouse  macrophage  cell  line  which  can  differentiate  to  osteoclasts  in 
the  presence  of  RANKL. 


Fig.lb 


EV  +MVNP 


Fig.lb 


Fig.l  Osteoclast  formation  in  MVNP  transduced  bone  marrow  cells,  (a)  Osteoclast  precursor  cells 
were  transduced  with  MVNP  gene  and  cultured  for  osteoclast  in  presence  of  M-CSF  (lOng/ml)  and 
RANKL  at  varying  concentration  (O-lOOng/ml)  for  7  days.  TRAP  multinucleated  cells  were  scored 
using  inverted  light  microscope.  The  results  are  expressed  as  mean  ±  SD  for  triplicate  cultures,  (b) 
Morphology  of  multinucleated  cells  formed  from  TRAP+  osteoclast  cultured  with  and  without  MVNP 
transduced  gene. 


(b)  Assess  the  capacity  of  osteoprotegerin  (OPG)  to  block  RANKL  and  TNF- 
alpha  induced  osteoclast  differentiation  of  MVNP  transduced  osteoclast 
precursors  (Months  7-17),  —  We  examined  if  MVNP  transduction  will 
increase  osteoclat  precursor  proliferation.  Human  bone  marrow  derived 
osteoclast  precursor  cells  (CFU-GM)  cells  were  cultured  with  and  without 
MVNP  transduction.  As  shown  in  Fig.2,  MVNP  transduction  significantly 
increased  osteoclast  precursor  growth  in  methyl  cellulose  cultures.  As  noted 
above  (taskla),  TNF-alpha  stimulation  further  enhanced  by  a  two-fold  increase 
in  osteoclast  precursor  growth  in  MVNP  transduced  cells.  We  did  not  detect  a 
significant  effect  of  OPG  on  MVNP  or  TNF  stimulated  osteoclast  precursor 
growth  or  osteoclast  development  in  MVNP  enhanced  osteoclast  formation. 
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Fig.2.  CFU-GM  colony  formation  in  MVNP 
transfuced  human  bone  marrow.  Fluman  bone 
marrow  cells  (4  xloVml)  were  cultured  with 
hGM-CSF  (lOng/ml)  in  methyl  cellulose  (10%) 
to  form  CFU-GM  colonies  with  and  without 
MVNP  transduction.  At  the  end  of  7  days 
culture  period,  CFU-GM  colonies  formed  in 
these  cultures  were  scored  using  a  light 
microscope  (P<0.05). 


(c)  Determine  the  effects  of  anti-IL-6  and  IL-6  on  the  responsivity  of  MVNP 
transduced  osteoclast  precursors  to  RANKL  and  TNF-alpha  stimulation 
(Months  17-24).—  To  address  this  task,  we  examined  if  MVNP  transduetion 
will  inerease  IL-6  production  by  the  osteoclast  precursor  cells.  Osteoclast 
precursor  cells  transduced  with  MVNP  or  empty  vector  were  cultured  for  7  days 
in  the  presence  and  absence  of  RANKL.  As  shown  in  Fig. 3a,  we  observe  a 
significant  increase  in  the  levels  of  IL-6  in  the  conditioned  media  obtained  from 
MVNP  transduced  cultures  in  the  presence  of  RANKL.  We  did  not  see 
significant  effect  of  TNF-alpha  to  enhance  IL-6  levels  in  MVNP  transduced 
osteoclast  precursor  cells  in  the  presence  or  absence  of  RANKL.  We  further 
examined  if  a  neutralizing  antibody  against  IL-6  can  block  MVNP  enhanced 
osteoclasat  formation.  As  shown  in  Fig. 3b,  antibody  against  IL-6  significantly 
decreased  MVNP  stimulated  osteoclast  formation.  In  contrast  IL-6  antibody  has 
no  significant  effect  in  control  cultures  transduced  with  an  empty  vector.  A 
non-spsecific  control  IgG  also  has  no  significant  effect  on  MVNP  enhanced 
osteoclast  formation.  These  results  suggest  that  MVNP  transduction  will 
increase  IL-6  production  significantly  and  that  IL-6  may  play  an  important  role 
in  MVNP  stimulated  osteoclast  formation. 


Fig.  3a 


50  n 


(-RANKL)  (RANKL) 


Fig. 3  (A)  IL-6  production.  Mouse  bone 
marrow  derived  osteoclast  precursor  cells 
were  transduced  with  MVNP  gene  with  or 
without  RANKL  (lOOng/ml)  for  7  days. 
Conditioned  media  were  harvested  at  7  days, 
and  the  concentration  of  IL-6  was  determined 
using  ELISA.  Results  are  reported  as  IL-6 
concentration  (pg/ml)  and  are  the  mean  ±  SD 
of  triplicate  samples. 
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Fig.3b. 
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3b.  Effects  of  anti-IL-6  on  bone  marrow 
cultures  on  MVNP  transduction.  Bone 
marrow  cells  (10^  cells/well)  were  transduced 
with  MVNP  and  culture  with  and  without 
RANKE  (lOOng/ml)  and  in  the  presence  or 
absence  of  50  ng/ml  anti-mouse  IL-6  or  non¬ 
specific  control  IgG.  After  7  days  of  culture, 
the  cells  were  fixed  with  2%  glutaraldehyde 
and  stained  for  TRAP  activity.  The  TRAP^ 
multinucleated  cells  were  scored  using  an 
inverted  microscope.  The  results  are 
expressed  as  mean  ±  SE  for  triplicate  cultures. 


Task  2.  Determine  the  RANK  reeeptor  signaling  in  MVNP  transdueed  osteoelast  precursors 
(Months  17-36) — Not  yet  initiated. 


Task  3.  Determine  the  effects  of  OIP-1  on  MVNP  altered  RANK  receptor  signaling  in  osteoclast 
precursor  cells  (Months  29-48).  — Not  yet  initiated. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  We  have  developed  MVNP  retroviruses  expression  eonstructs  for  transduetion 
into  osteoelast  preeursor  eells. 

•  We  have  identified  MVNP  transduction  will  enhance  IL-6  production  by  the 
osteoclast  precursor  cells. 

•  We  have  shown  anti-IL-6  significantly  decrease  MVNP  stimulated 
osteoclastogenesis. 

REPORTABLE  OUTCOMES: 

Articles: 

1.  Reddy  SV.  Etiology  of  Paget’s  disease  and  osteoclast  abnormalities.  J.  Cellular 
Biochem.,  93:688-696,  2004. 

2.  Reddy  SV.  Regulatory  mechanisms  operative  in  osteoclasts,  Crit.  Rev.  Eukaryot. 
Gene  Expr.  14:255-270,  2004. 
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CONCLUSIONS: 

In  eonelusion,  our  results  demonstrate  that  MVNP  inereases  transduetion  to  osteoelst 
precursor  cells  will  enhance  IL-6  produetion  and  stimulate  osteoelast  formation. 
Antibody  against  IE-6  signifieantly  neutralizes  MVNP  stimulated  osteoelast  formation. 
Also,  TNF-alpha  further  enhanees  MVNP  stimulated  osteoelast  formation.  However 
OPG  has  no  significant  on  MVNP  or  TNF-alpha  stimulated  osteoclast  formation.  These 
results  implicate  a  potential  role  for  IE-6  in  MVNP  enhanced  osteoelastogenesis  in 
pathogenesis  of  paget’s  disease  of  bone. 
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APPENDICES: 

Reprints  enclosed  for  two  relevant  articles  as  noted  under  outcomes. 
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Etiology  of  Paget's  Disease  and  Osteoclast  Abnormalities 

Sakamuri  V.  Reddy* 

Department  of  Medicine,  Division  of  Hematology-Oncology,  University  of  Pittsburgh, 

Pittsburgh,  Pennsylvania  15213 


Abstract  Paget's  disease  of  bone  is  a  chronic  focal  skeletal  disorder  that  affects  up  to  2-3%  of  the  population  over 
the  age  of  60  years.  Paget's  disease  is  primarily  a  disease  of  the  osteoclast.  The  pathologic  abnormality  in  patients  with 
Paget's  disease  involves  increased  bone  resorption  by  the  osteoclasts,  followed  by  abundant  new  bone  formation  that  is  of 
poor  quality.  Genetic  linkage  analysis  indicated  that  40%  of  patients  with  Paget's  disease  have  an  affected  first  degree 
relative  and  1%  of  patients  develop  osteosarcoma.  Paget's  disease  is  an  autosomal  dominant  trait  with  genetic 
heterogeneity.  Recurrent  mutations  in  the  ubiquitin-associated  (UBA)  domain  of  sequestosome  1  (SQSTM1/p62)  are 
identified  in  patients  with  Paget's  disease.  Osteoclasts  and  osteoclast  precursors  from  patientswith  Paget's  disease  contain 
paramyxoviral  transcripts  and  appear  hyperresponsiveto  1 ,25-(OH)2D3  and  RANK  ligand  (RANKL).  It  has  been  suggested 
that  the  enhanced  sensitivity  of  osteoclast  precursors  for  1 ,25-(OH)2D3  in  Paget's  disease  results  from  increased  expression 
of  coactivators  of  vitamin  D  receptor  (VDR).  However,  a  cause  and  effect  relationship  for  the  paramyxoviral  infection 
and  SQSTM1/p62  gene  mutations  associated  with  this  disease  and  osteoclast  abnormalities  are  unclear.  Therefore,  the 
etiology  of  Paget's  disease  remains  uncertain.  J.  Cell.  Biochem.  93:  688-696,  2004.  ©  2004  Wiley-Liss,  Inc. 

Key  words:  Paget's  disease;  osteoclast;  measles  virus  (MV);  sequestosome  (p62);  tartrate  resistant  acid  phosphatase 
(TRAP);  RANK  ligand  (RANKL) 


Sir  James  Paget  first  described  Paget’s  disease 
of  bone  in  1877  as  Osteitis  Deformans,  a  chronic 
focal  skeletal  disease  that  can  be  monostotic  or 
polyostotic.  Paget’s  disease  is  the  second  most 
common  metabolic  bone  disease  and  affects 
between  2%  and  3%  of  the  population  over  the 
age  of  60.  The  disease  been  associated  with 
deformity  and  enlargement  of  single  or  multiple 
bones  among  which,  the  skull,  clavicles,  long 
bones,  and  vertebral  bodies  are  the  most  fre¬ 
quently  involved  [Paget,  1877].  Patients  with 
Paget’s  disease  are  frequently  asymptomatic, 
but  approximately  10-15%  of  the  patients  have 
severe  symptoms  including  bone  pain,  frac¬ 
tures,  neurological  complications  due  to  spinal 
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cord  compression,  deafness,  and  dental  abnor¬ 
malities.  Paget’s  disease  is  a  highly  localized 
disease,  and  new  lesions  rarely  develop  during 
the  course  of  the  disease.  Rather,  lesions  con¬ 
tinue  to  progress  in  size  unless  treated.  The 
primary  pathologic  abnormality  in  patients 
with  Paget’s  disease  is  increased  bone  resorp¬ 
tion,  followed  by  abundant  new  bone  formation. 
The  bone  that  is  formed  is  disorganized  and  of 
poor  quality,  resulting  in  bowing  of  the  bone, 
stress  fractures,  and  arthritis  in  joints  contig¬ 
uous  to  the  involved  bones.  In  addition,  patients 
with  Paget’s  disease  can  develop  hypercalciuria 
and  hypercalcemia,  due  to  accelerated  bone 
resorption  induced  by  immobilization.  Another 
interesting  feature  of  Paget’s  disease  is  that 
bones  not  clinically  involved  with  Paget’s  dis¬ 
ease  appear  to  show  increased  bone  remodeling. 
This  increased  bone  remodeling  in  unaffected 
bones  has  been  ascribed  to  secondary  hyper¬ 
parathyroidism  rather  than  to  subclinical  in¬ 
volvement  of  the  bones  with  Paget’s  disease. 
However,  less  than  20%  of  patients  with  Paget’s 
disease  have  elevated  parathyroid  hormone 
(PTH)  levels  [Siris,  1999].  A  juvenile  form  of 
Paget’s  disease  also  called  hyperostosis  corticalis 
deformans  juvenilis  or  hereditary  hyperphos- 
phatasia  is  very  different  than  the  adult  form  of 
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the  disease.  It  is  characterized  by  widespread 
involvement  of  the  skeleton  and  has  histological 
and  radiological  features  that  distinguish  it 
from  Paget’s  disease  of  the  adults,  including 
the  absence  of  viral-like  nuclear  inclusions  in 
osteoclasts  present  in  the  bone  microenviron¬ 
ment  [Whyte  et  ah,  2002]. 

Bone  scans  are  the  most  sensitive  method  of 
detecting  pagetic  lesions  and  can  be  used  to  fol¬ 
low  the  activity  of  the  disease  in  these  patients. 
Initial  lesions  appear  osteolytic,  followed  by  a 
chaotic  sclerotic  appearance,  and  finally  become 
osteosclerotic.  Considerable  thickening  of  the 
sclerotic  bone  results  in  bone  deformity.  Serum 
tartrate  resistant  acid  phosphatase  (TRAP), 
presumably  released  by  osteoclasts,  appears  to 
be  an  index  of  bone  resorption  in  Paget’s  disease 
but  is  not  routinely  used.  The  most  useful 
markers  for  the  increased  osteoblast  activity 
in  Paget’s  disease  are  the  total  alkaline  phos¬ 
phatase  and  bone-specific  alkaline  phosphatase 
activity  levels  in  serum.  Patients  also  showed 
significantly  higher  endothelin-1  circulating 
levels  than  controls  with  a  positive  correlation 
with  serum  alkaline  phosphatase,  but  not  with 
urinary  hydroxyproline  [Tarquini  et  ah,  1998]. 
Furthermore,  serum  calcium  levels  are  typi¬ 
cally  normal  in  Paget’s  disease  and  also  serum 
osteocalcin  levels  appear  to  be  a  poor  index  of 
the  progression  of  the  disease.  Bisphosphonates 
are  the  most  common  treatment  for  patients 
with  Paget’s  disease.  These  inorganic  phos¬ 
phate  compounds  inhibit  osteoclast-mediated 
bone  resorption  and  induce  osteoclast  apoptosis 
[Siris,  1999].  It  has  been  reported  that  serum  M- 
CSF  levels  are  significantly  elevated  in  patients 
with  Paget’s  disease,  however  not  significantly 
different  in  patients  under  treatment  compared 
to  normal  subjects  [Neale  et  ah,  2002]. 

Paget’s  disease  has  a  very  unusual  geographic 
distribution,  with  an  increased  incidence  in 
Caucasians  of  European  descent,  but  it  also 
occurs  in  African  Americans.  It  is  rare  in  those 
of  Asian  descent.  Studies  also  suggested  high 
prevalence  rates  of  radiographic  Paget’s  disease 
in  Britain,  Australia,  North  America,  and 
Western  Europe.  Interestingly,  even  within 
Britain  there  is  a  marked  geographic  variation 
in  the  incidence  of  Paget’s  disease,  with  an  in¬ 
creased  incidence  in  the  Western  portion  of 
England  and  a  much  lower  incidence  in  the 
Southern  portion  of  England  (8%  vs.  4%)  [Cooper 
et  al.,  1999].  The  prevalence  of  the  disease  is 
2.5%  among  men  and  1.6  %  among  women  aged 


55  years  and  above  in  British  towns.  The  level  of 
prevalence  in  Spain  is  estimated  to  be  at  1.5%. 
A  radiographic  survey  of  24  patients  with 
Paget’s  disease  in  Ireland  further  revealed 
monostotic  disease  in  8  and  polyostotic  disease 
in  16.  There  have  been  reports  that  one  to  three 
million  patients  over  the  age  of  55  are  affected 
with  Paget’s  disease  in  the  United  States.  This 
is  in  contrast  with  the  extreme  rarity  of  the 
disease  in  Scandinavia,  Ireland,  and  Southern 
Europe.  This  unusual  geographic  distribution 
for  the  incidence  of  Paget’s  disease  is  not  attri¬ 
butable  to  geographic,  environmental,  or  indus¬ 
trial  exposures  in  these  areas  and  currently 
cannot  be  explained.  Furthermore,  the  inci¬ 
dence  of  Paget’s  disease  appears  to  be  decreas¬ 
ing  over  the  last  several  decades  [Siris,  1999; 
Doyle  et  al.,  2002],  but  the  basis  for  this  decrease 
in  the  incidence  of  Paget’s  disease  is  unknown. 
However,  it  is  evident  that  genetic  factors  play 
important  role  in  the  familial  and  sporadic 
forms  of  Paget’s  disease.  Furthermore,  Paget’s 
disease  has  been  described  as  a  slow  paramyx- 
oviral  infection  process,  suggesting  a  viral 
etiology  for  the  disease.  Therefore,  this  review 
will  focus  on  the  etiology  of  Paget’s  disease  with 
an  emphasis  on  the  role  that  genetic  and 
paramyxoviral  infection  may  play  in  abnormal 
osteoclast  development  responsible  for  excess 
bone  resorption  in  patients  with  Paget’s  disease. 

GENETICS  OF  PAGET'S  DISEASE 

Familial  incidence  is  common  in  Paget’s 
disease  and  40%  of  patients  with  the  disease 
have  an  affected  first-degree  relative.  There¬ 
fore,  genetic  factors  play  an  important  role  in 
the  pathogenesis  of  Paget’s  disease  of  bone. 
The  disease  often  is  inherited  in  an  autosomal 
dominant  manner  manifesting  genetic  hetero¬ 
geneity  and  incomplete  penetrance.  Familial 
Paget’s  disease  has  an  equal  incidence  in  males 
and  females.  A  genetic  locus  for  Paget’s  disease 
has  been  identified  on  chromosome  18q  [Leach 
et  al.,  2001;  Good  et  al.,  2002]  in  several  large 
families  with  Paget’s  disease  in  a  region  near 
the  familial  expansile  osteolysis  (FEO)  locus. 
EEO  is  a  disease  related  to  Paget’s  disease  but 
occurring  in  patients  at  a  much  younger  age  and 
being  a  much  more  severe  disease.  EEO  is  an 
extremely  rare  disease,  affecting  only  a  very 
limited  number  of  kindreds  in  the  world,  also 
mapped  to  chromosome  18q  and  is  linked  to 
activating  mutations  in  the  TNERSFllA  gene 
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which  encodes  receptor  activator  of  nuclear 
factor  kB  (RANK)  [Hughes  et  al.,  2000].  Recently, 
in  patients  with  Juvenile  Paget’s  disease,  a 
homozygous  deletion  of  the  gene  on  chromo¬ 
some  8q24.2  that  encodes  osteoprotegerin, 
member  of  the  superfamily  of  tumor  necrosis 
factor  receptors,  has  been  reported  [Whyte  et  al. , 
2002].  However,  linkage  studies,  coupled  with 
mutation  screening  have  excluded  involvement 
of  RANK  and  also  osteoprotegerin  in  the 
majority  of  patients  with  Paget’s  disease  of  bone 
[Sparks  et  al.,  2001].  Studies  also  indicated  that 
patients  with  Paget’s  disease  have  an  increased 
incidence  of  osteosarcoma,  with  approximately 
1%  of  patients  with  Paget’s  disease  developing 
osteosarcoma  in  an  affected  bone.  This  incidence 
of  osteosarcoma  is  1,000  times  higher  than  that 
in  the  general  population  for  this  age  group. 
Recent  genetic  studies  have  demonstrated 
linkage  in  seven  of  seven  patients  with  osteo¬ 
sarcoma  to  loss  of  heterozygosity  in  a  region  of 
18q  that  is  adjacent  to  or  within  a  locus  for 
Paget’s  disease  on  18q  [Hansen  et  al.,  1999]. 

A  genome  wide  search  in  familial  Paget’s 
disease  of  bone  further  indicated  genetic  hetero¬ 
geneity  of  the  disease  with  candidate  loci  on 
chromosomes  2q,  lOq,  and  5q  [Hocking  et  al., 
2001].  More  recently,  the  gene  encoding  seques- 
tosome  1  (SQSTMl/p62)  mapped  within  the 
critical  region  on  chromosome  5q35-qter  identi¬ 
fied  a  proline-leucine  amino  acid  change  at 
codon  392  (P392L)  in  French-Canadian  patients 
with  Paget’s  disease  of  bone  [Laurin  et  al.,  2002]. 
The  frequency  of  mutation  was  16%  and  46%  for 
sporadic  and  familial  cases  tested,  respectively. 
Further  studies  also  identified  different  muta¬ 
tions  affecting  the  highly  conserved  ubiquitin- 
binding  domain  of  SQSTMl/p62  protein  in 
patients  with  familial  and  sporadic  Paget’s 
disease  [Johnson-Pais  et  al.,  2003;  Good  et  al., 
2004;  Hocking  et  ah,  2004]. 

ROLE  OF  SQSTM1/P62  IN 
OSTEOCLASTOGENESIS 

The  atypical  PKC  (aPKC)  interaction  with 
SQSTMl/p62  has  been  implicated  in  signaling 
cascades  that  control  NF-kB  activation.  It  is 
evident  that  p62  provides  a  scaffold  linking  the 
aPKCs  to  the  tumor  necrosis  factor-alpha  (TNF- 
a)  and  interleukin-1  (IL-1)  receptor  signaling 
complexes  through  its  interaction  with  RIP  and 
TRAF-6,  respectively  [Moscat  and  Diaz-Meco, 
2000].  Thus,  SQSTMl/p62  mediate  IL-1  and 


TNF-a  cytokine  signaling  to  activate  NF-kB 
(Fig.  1).  TRAF-6  plays  an  essential  role  in  RANK 
ligand  (RANKL)  signaling  during  osteoclasto- 
genesis.  More  recently,  it  has  been  shown  that 
RANKL  stimulation  results  in  upregulation  of 
p62  expression  in  osteoclast  precursor  cells  and 
that  the  genetic  inactivation  of  p62  in  mice 
impaired  PTHrP  induced  osteoclastogenesis  in 
vivo.  However,  p62  null  mice  have  grossly 
normal  skeletal  phenotype  and  that  no  altera¬ 
tions  were  found  in  the  trabecular  size  and 
number  of  osteoclasts  compared  to  wild-type 
mice.  In  vitro  studies  further  demonstrated  that 
p62  deficiency  leads  to  inhibition  of  IKK  activa¬ 
tion  and  NF-kB  nuclear  translocation  during 
osteoclastogenesis  [Duran  et  al.,  2004].  These 
studies  also  demonstrated  that  RANKL  stimu¬ 
lation  induces  formation  of  a  ternary  complex 
involving  TRAF-6,  p62,  and  aPKC  during  osteo¬ 
clastogenesis.  Recent  studies  also  identified 
novel  mutations  in  ubiquitin-associated  (UBA) 
domain  of  SQSTMl/p62,  however,  genotype- 
phenotype  analysis  indicated  that  there  is  no 
correlation  with  respect  to  different  mutations 
in  UBA  and  disease  occurrence  [Hocking  et  ah, 
2004].  Therefore,  the  precise  role  that  SQSTMl/ 
p62  may  play  in  the  pathogenesis  of  Paget’s 
disease  of  bone  remains  to  be  elucidated. 

VIRAL  ETIOLOGY 

Since  the  early  1970s,  a  variety  of  studies  have 
implicated  paramyxoviruses  in  Paget’s  disease. 
The  viral  etiology  has  been  proposed  for  Paget’s 
disease  with  an  initial  description  of  nucleocap- 
sid-like  structures  in  the  nuclei  and  cytoplasm 
of  pagetic  osteoclasts  by  electron  microscopy 
[Mills  and  Singer,  1976].  Immunocytochemical 
studies  further  confirmed  that  these  nuclear 
inclusions  cross-reacted  with  antibodies  that 
recognized  measles  virus  (MV)  or  respiratory 
syncytial  virus  (RSV)  nucleocapsid  antigens. 
In  situ  hybridization  techniques  also  identified 
the  presence  of  MV  messenger  RNA  (mRNA) 
sequences  in  up  to  90%  of  osteoclasts  and  other 
mononuclear  cells  in  pagetic  bone  specimens. 
Similarly,  canine  distemper  virus  (CDV)  nucleo¬ 
capsid  antigens  were  also  detected  in  osteo¬ 
clasts  from  patients  with  Paget’s  disease.  These 
paramyxoviral-like  nuclear  inclusions  are  not 
unique  to  Paget’s  disease  and  were  reported  in 
patients  with  FEO  and  rarely  in  patients  with 
osteopetrosis,  pycnodysostosis,  and  otosclero¬ 
sis,  oxalosis  [Singer,  1999].  This  has  raised  the 
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Fig.  1.  Signaling  cascades  associated  with  sequestosome/p62.  Sequestosome  provides  a  scaffold  linking 
the  aPKCs  to  theTNF-a  and  IL-1  receptor  signaling  complexes  through  its  interactions  with  RIP  and  TRAF-6, 
respectively  resulting  in  phosphorylation  of  IKK  and  activation  of  NF-kB.  RANKL-RANK  signaling  induce 
p62  to  form  a  ternary  complex  with  TRAF-6  and  aPKCs  during  osteoclast  differentiation  [Duran  et  ah,  2004], 
[Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 


possibility  that  that  the  virus  may  be  a  non- 
etiologic  agent  in  a  cell  altered  by  a  genetic 
defect. 

To  further  explore  the  viral  etiology,  using 
reverse  transcription-polymerase  chain  reac¬ 
tion  (RT-PCR)  analysis,  we  have  amplified  the 
MV  nucleocapsid  (MVNP)  transcripts  from 
freshly  isolated  bone  marrow  cells  from  patients 
with  Paget’s  disease.  These  MVNP  transcripts 
contain  mutations  clustered  at  the  c-terminal 
end  of  the  mRNA  [Reddy  et  al.,  1995].  All  these 
mutations  were  sense  mutations  and  resulted  in 
amino  acid  substitutions  in  the  nucleocapsid 
gene  product.  The  mutations  occurred  at  1% 
rate  in  the  total  MVNP  gene  isolated  from  a 
patient  with  Paget’s  disease.  We  further  de¬ 
monstrated  that  osteoclast  precursors,  the 
granulocyte  macrophage  colony-forming  unit 
(CFU-GM),  as  well  as  mature  osteoclasts  from 
patients  with  Paget’s  disease,  expressed  MVNP 
transcripts.  Since  CFU-GM  circulate  and  also 
give  rise  to  monocytes  and  granulocytes  in  the 
peripheral  blood,  we  then  examined  peripheral 
blood  mononuclear  cells  from  patients  with 


Paget’s  disease  and  normals  for  expression  of 
MVNP  transcripts.  We  found  by  RT-PCR  anal¬ 
ysis  that  peripheral  blood  samples  from  9  of  10 
patients  with  Paget’s  disease  contain  MVNP 
transcripts,  while  none  of  the  10  normals  tested 
expressed  MVNP  transcripts  [Reddy  et  al., 
2001a].  We  were  unable  to  find  CDV  or  RSV 
nucleocapsid  transcripts  in  patients  we  have 
studied.  In  contrast,  CDV  nucleocapsid  tran¬ 
scripts  were  detected  in  affected  bones  from 
100%  of  patients  tested  using  in  situ  RT-PCR 
techniques.  Furthermore,  it  has  also  been  de¬ 
monstrated  that  infecting  canine  bone  marrow 
cells  with  CDV  results  in  development  of  multi- 
nucleated  cells  that  share  some  of  the  pheno¬ 
typic  characteristics  of  pagetic  osteoclasts 
[Gordon  et  al.,  1992].  However,  other  workers 
have  been  unable  to  detect  paramyxoviral  nucle¬ 
ocapsid  transcripts  in  samples  obtained  from 
patients  with  Paget’s  disease  [Helfrich  et  al., 
2000;  Ooi  et  al.,  2000], 

The  presence  of  MV  or  CDV  transcripts  in 
osteoclasts  and  osteoclast  precursors  from 
patients  with  Paget’s  disease  does  not  infer  a 
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pathophysiologic  role  for  these  genes  in  the 
development  of  the  pagetic  lesions.  It  is  possible 
that  these  paramyxoviral  transcripts  and  para- 
myxoviral-like  inclusions  are  simply  markers 
for  the  disease  and  have  no  pathophysiologic 
significance.  In  studies,  using  normal  osteoclast 
precursors  (CFU-GM)  transduced  with  retro¬ 
viral  vectors  expressing  the  MVNP  gene  formed 
large  osteoclasts  more  rapidly  with  an  increas¬ 
ed  numbers  of  nuclei,  hypersensitive  to  1,25- 
dihydroxyvitamin  D3  (l,25-[OH]2D3)  and  had 
increased  bone  resorbing  capacity  compared  to 
normal  osteoclasts.  In  contrast,  normal  osteo¬ 
clast  precursors  transduced  with  the  MV  matrix 
gene  did  not  express  an  abnormal  phenotype 
[Kurihara  et  ah,  2000].  In  further  studies,  we 
have  targeted  CD46,  human  MV  receptor  to 
cells  of  the  osteoclast  lineage  in  transgenic  mice 
and  demonstrated  that  MV  infection  of  osteo¬ 
clast  precursors  from  CD46  transgenic  mice 
form  osteoclasts,  which  express  a  pagetic  phe¬ 
notype  in  vitro  [Reddy  et  ah,  2001b].  Taken 
together,  these  data  suggest  a  potential  patho¬ 
physiologic  role  for  the  paramyxoviral  nucleo- 
capsid  gene  that  is  expressed  in  patients  with 
Paget’s  disease.  Mouse  models  of  MV  infection 
were  also  developed  in  which  CD46  is  intro¬ 
duced  into  transgenic  mice  and  has  been  bred  to 
another  transgenic  mouse  lacking  the  alpha- 
beta-interferon  receptor.  Upon  exposure  to  MV, 
these  mice  developed  immune-suppression 
similar  to  patients  with  acute  MV  infection. 
The  mice  lack  the  alpha-beta  interferon  receptor 
demonstrated  persistence  of  MV  infection  for  at 
least  12  days  [Peng  et  ah,  2003].  However, 
TRAP-CD46  mice  do  not  develop  sustained  MV 
infection,  most  likely  reflecting  the  need  for 
blocking  interferon  production  for  development 
of  persistent  MV  infection  in  these  mice. 

MV  infection  has  a  similar  incidence  world¬ 
wide  and  occurs  in  very  young  patients,  whereas 
Paget’s  disease  is  a  disease  of  the  elderly.  These 
observations  suggest  that  if  paramyxoviruses 
have  an  etiologic  role  in  Paget’s  disease,  these 
viral  infections  must  persist  for  long  periods  of 
time.  To  further  investigate  a  potential  site  for 
the  initial  infection  of  osteoclast  precursors  with 
Paget’s  disease,  we  tested  the  hypothesis  that 
very  early  pluripotent  hematopoietic  stem  cells, 
which  can  persist  for  long  periods  of  time  in  a 
quiescent  phase,  may  be  the  initial  target  for 
the  paramyxoviral  infection  in  patients  with 
Paget’s  disease.  We  found  that  other  hemato¬ 
poietic  lineages  from  patients  with  Paget’s 


disease  in  addition  to  the  osteoclast  lineage, 
including  the  erythroid  and  the  erythroid  pre¬ 
cursors,  burst-forming  unit-erythroid  (BFU-E), 
and  multipotent  myeloid  precursors  (CFU- 
GEMM),  which  give  rise  to  megakaryocytes, 
monocytes,  erythroid  cells,  and  granulocytes, 
also  contain  paramyxoviral  nucleocapsid  tran¬ 
scripts  [Reddy  et  ah,  2001a].  Thus,  if  the  initial 
site  of  infection  occurs  in  a  small  number  of 
primitive  pluripotent  hematopoietic  stem  cells 
that  predominantly  remain  in  Go,  this  might 
explain  the  chronicity  of  the  infection.  Eurther- 
more,  there  may  be  a  genetic  predisposition 
for  chronic  paramyxoviral  infections  of  hema¬ 
topoietic  precursors  in  patients  with  Paget’s 
disease.  However,  a  cause  and  effect  relation¬ 
ship  of  paramyxoviruses  in  Paget’s  disease 
remains  proven  as  yet  no  infectious  virus 
been  isolated  from  pagetic  cells  and  also,  it  is 
not  clear  how  the  initial  lesion  occurs  in  Paget’s 
disease. 

PAGETIC  OSTEOCLASTS 

Histologic  examination  of  pagetic  bone  biopsy 
revealed  abundant  structurally  abnormal  osteo¬ 
clasts.  Osteoclasts  are  increased  in  number  and 
size,  and  contain  as  many  as  100  nuclei  per 
multinucleated  cell  compared  to  three  to  five 
nuclei  for  a  normal  osteoclast.  These  osteoclasts 
have  characteristic  ultrastructural  abnormal¬ 
ities  including  microfilaments,  paracrystalline 
arrays  located  in  the  nucleus  and  sometimes  in 
the  cytoplasm  that  are  absent  in  non-pagetic 
bone  or  bone  marrow  cells.  These  inclusions 
closely  resemble  nucleocapsids  of  viruses  of 
the  paramyxoviridae  family  [Mills  and  Singer, 
1976].  Osteoblasts  are  also  increased  in  lesions 
in  patients  with  Paget’s  disease,  and  they 
appear  to  be  morphologically  normal.  Osteo¬ 
blasts  contain  abundant  rough  endoplasmic 
reticulum  and  mitochondria  in  a  well-developed 
Golgi  zone,  consistent  with  the  increased  bone 
formation  activity  that  occurs  in  the  active 
lesions.  In  advanced  lesions  in  patients  with 
Paget’s  disease,  the  marrow  is  also  abnormal. 
The  bone  matrix  in  Paget’s  disease  is  highly 
abnormal  in  structure  due  to  disordered  bone 
remodeling.  The  bone  matrix  consists  of  erratic 
patterns  of  “cement  lines”  and  demonstrates  a 
“mosaic”  pattern.  The  matrix  is  interspersed 
with  numerous  foci  of  woven  bone,  reflecting  the 
increased  rates  of  bone  deposition  that  is  of  poor 
quality. 
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The  bone  marrow  culture  techniques  identi¬ 
fied  several  abnormalities  in  osteoclast  forma¬ 
tion  and  osteoclast  precursors  from  patients 
with  Paget’s  disease.  Osteoclast-like  multinu- 
cleated  cells  formed  more  rapidly  with  increased 
numbers  (10- 100-fold)  and  nuclei  per  osteo¬ 
clast,  expressed  high  levels  of  TRAP  in  marrow 
cultures  from  patients  with  Paget’s  disease 
compared  to  normals.  In  addition,  osteoclast 
formation  in  pagetic  bone  marrow  cultures  was 
induced  at  concentrations  of  l,25-(OH)2D3  that 
were  10—100  times  lower  than  those  required  in 
normal  marrow  cultures.  Structural  examina¬ 
tion  of  the  osteoclast-like  cells  formed  in  bone 
marrow  cultures  also  showed  that  they  had 
many  of  the  features  of  pagetic  osteoclasts  but 
lacked  the  characteristic  nuclear  and  cytoplas¬ 
mic  inclusions.  Immunocytochemical  studies 
confirmed  that  MV  and  RSV  nucleocapsid  anti¬ 
gens  were  expressed  in  osteoclasts  formed  in  vitro 
in  these  cultures.  Osteoclasts  from  patients 
with  Paget’s  disease  also  appear  to  produce 
increased  levels  of  IL-6  and  express  high  levels 
of  IL-6  receptors  compared  to  normal  osteo¬ 
clasts.  In  situ  hybridization  studies  have 
further  identified  increased  levels  of  IL-6,  c-fos 
proto-oncogene,  Bel  2  anti-apoptotic  gene  mRNA 
expression  in  pagetic  osteoclasts.  IL-6  receptor 
and  NF-IL-6  mRNA  levels  were  also  increased 
in  osteoclasts  from  bone  samples  from  patients 
with  Paget’s  disease  compared  to  those  with 
osteoarthritis  [Hoyland  et  al.,  1994].  These  data 
suggest  that  IL-6,  which  is  a  stimulator  of  human 
osteoclast  formation,  may  act  as  an  autocrine/ 
paracrine  factor  to  enhance  osteoclast  forma¬ 
tion  in  patients  with  Paget’s  disease  and  in¬ 
crease  the  osteoclast  precursor  pool.  IL-6  levels 
were  also  shown  to  increase  in  bone  marrow 
plasma  and  peripheral  blood  of  patients  with 
Paget’s  disease  [Roodman  et  al.,  1992].  In  ad¬ 
dition,  the  increased  levels  of  IL-6  in  the 
peripheral  blood  of  patients  with  Paget’s  disease 
may  in  part  explain  the  increased  bone  remo¬ 
deling  seen  in  bones  not  clinically  involved  with 
Paget’s  disease. 

To  further  investigate  the  potential  abnorm¬ 
alities  in  osteoclast  precursors  in  patients  with 
Paget’s  disease,  the  number  of  osteoclast  pre¬ 
cursors  in  marrow  aspirates  from  involved 
bones  from  patients  with  Paget’s  disease  were 
assessed.  It  has  been  found  that  the  number  of 
early  osteoclast  precursors,  CFU-GM,  was 
increased  significantly  in  marrow  aspirates 
from  patients  with  Paget’s  disease  compared 


to  normals.  Interestingly,  when  the  osteoclast 
precursors  were  separated  from  the  marrow 
microenvironmental  elements  present  in  the 
marrow  aspirates,  similar  numbers  of  osteo¬ 
clast  precursors  were  detected  in  these  aspi¬ 
rates.  These  data  suggested  that  the  marrow 
microenvironment  enhanced  osteoclast  precur¬ 
sor  growth  compared  to  the  normal  marrow 
microenvironment. 

To  determine  the  potential  role  of  the  marrow 
microenvironment  and  the  enhanced  osteoclast 
formation  in  patients  with  Paget’s  disease,  re¬ 
constitution  experiments  were  conducted  using 
highly  purified  populations  of  osteoclast  pre¬ 
cursors  from  patients  with  Paget’s  disease  or 
normals  and  marrow  stromal  cells  from  patients 
with  Paget’s  disease  and  normals.  Coculture 
of  normal  osteoclast  precursors  with  marrow 
stromal  cells  from  patients  with  Paget’s  disease 
resulted  in  enhanced  growth  of  the  osteoclast 
precursors  from  normals.  Interestingly,  when 
osteoclast  precursors  from  patients  with  Paget’s 
disease  were  cocultured  with  marrow  stromal 
cells  from  normals,  they  also  showed  increased 
growth.  These  data  suggest  that  both  the  marrow 
microenvironment,  as  well  as  the  osteoclast  pre¬ 
cursors,  are  abnormal  in  patients  with  Paget’s 
disease. 

These  studies  also  confirmed  that  the  osteo¬ 
clast  precursors  were  hypersensitive  to  1,25- 
(0H)2D3  compared  to  normals.  The  increased 
sensitivity  of  osteoclast  precursors  from  Paget’s 
patients  to  l,25-(OH)2D3  is  mediated  through 
the  vitamin  D3  receptor  (VDR).  This  was  con¬ 
firmed  by  upregulation  of  24-hydroxylase  mRNA 
expression  in  pagetic  osteoclast  precursors  at 
concentrations  of  l,25-(OH)2D3  that  are  one  log 
less  than  that  required  for  normal  osteoclast 
precursors.  The  increased  sensitivity  to  1,25- 
(0H)2D3  was  not  due  to  increased  numbers  of 
vitamin  D  receptors  in  pagetic  osteoclast  pre¬ 
cursors  compared  to  normals,  but  appeared  to 
be  due  to  enhanced  affinity  of  the  VDR  in  pagetic 
cells  for  its  ligand  compared  to  normals  [Menaa 
et  al.,  2000a].  Recently,  it  has  been  demon¬ 
strated  that  MVNP  gene  expression  in  osteo¬ 
clast  precursors  results  in  increased  levels  of 
TAFn-17  transcription  factor  gene  expression. 
The  high  levels  of  TAFh-I?  permit  formation 
of  VDR  transcription  complex  at  low  levels  of 
receptor  occupancy  by  l,25-(OH)2D3  [Kurihara 
et  al.,  2004].  These  results  support  the  hypoth¬ 
esis  that  part  of  the  pathophysiology  underlying 
the  increased  osteoclast  activity  in  Paget’s 
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disease  is  due  to  increased  levels  of  VDR  coacti¬ 
vators  that  enhance  VDR-mediated  gene  tran¬ 
scription  at  low  levels  of  l,25-(OH)2D3.  These 
studies  suggested  that  Paget’s  disease  may  be  a 
VDR  coactivator  disease. 

The  osteoclast  precursors  from  patients  with 
Paget’s  disease  also  appear  to  be  hyperrespon- 
sive  to  receptor  activator  of  NF-kB  ligand 
(RANKL)  and  that  marrow  stromal  cells  from 
pagetic  lesions  have  increased  RANKL  expres¬ 
sion  [Neale  et  ah,  2000;  Menaa  et  ah,  2000b]. 
RANKL  is  a  critical  osteoclast  differentiation 
factor  that  is  expressed  on  marrow  stromal 
and  osteoblast  cells  in  response  to  several 
osteotropic  factors.  The  increased  sensitivity  of 
osteoclast  precursors  from  Paget’s  patients  to 
RANKL  appears  to  be  due  to  interactions  of  these 
precursors  with  interleukin-6  (IL-6).  Addition 
of  neutralizing  antibodies  to  IL-6  decreased  the 
sensitivity  of  the  osteoclast  precursors  from 
patients  with  Paget’s  disease  to  RANKL  to 
normal  levels.  Similarly,  addition  of  IL-6  to 
cultures  of  normal  osteoclast  precursors  en¬ 
hanced  the  responsivity  of  these  precursors  to 
RANKL  to  the  levels  seen  with  pagetic  osteo¬ 
clast  precursors.  Pagetic  osteoclasts  expressing 
MVNP  gene  produce  high  levels  of  cytokines 
that  increase  osteoclast  precursor  pool  as  well 


as  osteoblast  precursor  proliferation  and  con¬ 
stitutive  expression  of  RANKL,  which  contri¬ 
bute  to  the  abnormal  osteoclast  development 
and  highly  localized  nature  of  Paget’s  disease 
(Fig.  2).  Immature  osteoblasts  are  the  major 
responders  to  RANKL  inducing  cytokines  and 
studies  also  suggested  that  expression  of 
RANKL  decreases  with  osteoblast  maturation 
[Gori  et  ah,  2000].  Therefore,  the  increased 
numbers  of  highly  active  osteoblasts  rapidly 
form  large  amounts  of  woven  bone  in  patients 
with  Paget’s  disease.  Furthermore,  the  prodi¬ 
gious  amounts  of  cytokine  production  by  the 
pagetic  osteoclasts  result  in  continued  stimula¬ 
tion  of  osteoblast  precursors  growth  making  the 
local  microenvironment  in  the  pagetic  lesion 
progressively  more  osteoclastogenic  resulting 
in  elevated  levels  of  bone  resorption  in  these 
patients.  Consistent  with  this  hypothesis  are 
findings  of  high  levels  of  cytokines  such  as  IL-6 
being  produced  by  pagetic  osteoclasts  and  the 
increased  RANKL  protein  levels  in  marrow  ad¬ 
herent  cells  from  pagetic  lesions  compared  to 
normal  marrow  and  uninvolved  bones  from  the 
same  patient  [Menaa  et  al.,  2000b].  In  addition, 
the  clinical  observation  that  inhibiting  osteo¬ 
clast  formation  with  bisphosphonates  results 
in  a  dramatic  fall  in  alkaline  phosphatase  in 
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Fig.  2.  Osteoclastogenesis  in  pagetic  bone  microenvironment. 
The  osteoclast  precursors  contain  measles  virus  (MV)  transcripts 
and  are  hyperresponsive  to  RANK  ligand  (RANKL).  The  pagetic 
osteoclasts  produce  increased  levels  of  cytokines  such  as  IL-6, 
which  enhance  osteoclast  formation.  Chronic  exposure  to 


cytokines  produced  by  the  pagetic  osteoclasts  results  in 
constitutive  overexpression  of  RANKL  in  stromal/osteoblast  cells 
further  enhancing  the  abnormal  osteoclast  development  in 
pagetic  bone  lesions.  [Color  figure  can  be  viewed  in  the  online 
issue,  which  is  available  at  www.interscience.wiley.com.] 
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patients  with  Paget’s  disease,  demonstrates 
that  osteoclasts  are  driving  the  osteoblastic 
response  in  Paget’s  disease.  Alternatively, 
pagetic  osteoclasts  may  live  for  very  long  periods 
of  time  compared  to  normal  osteoclasts  and 
persist  in  the  lesion.  It  has  been  reported  that 
the  anti-apoptotic  gene  Bcl-2  is  overexpressed 
in  pagetic  osteoclasts,  suggesting  that  the 
osteoclasts  lifespan  may  be  prolonged  in  pagetic 
lesions.  More  recently,  it  has  also  been  reported 
that  mutations  in  the  Bcl-2  gene  promoter  are 
responsible  for  upregulation  of  Bcl-2  expression 
leading  to  enhanced  osteoclastogenesis  in  pati¬ 
ents  with  Paget’s  disease  [Brandwood  et  al., 
2003].  Recently,  it  has  been  shown  that  SHIP, 
inositol  5'  phosphatase  deficient  mice  are  se¬ 
verely  osteoporotic  with  an  increased  numbers 
of  osteoclast  precursors  and  hyperactive  osteo¬ 
clasts.  In  addition,  serum  levels  of  IL-6  are 
markedly  increased  in  these  mice  as  in  Paget’s 
disease  [Takeshita  et  al.,  2002].  However,  the 
basis  for  these  abnormalities  in  both  osteoclasts 
and  osteoclast  precursors  from  patients  with 
Paget’s  disease  is  still  unknown. 

SUMMARY  AND  FUTURE  DIRECTIONS 

Paget’s  disease  of  bone  is  the  second  most 
disorder  of  bone  after  osteoporosis.  The  disease 
is  an  autosomal  dominant  trait  with  genetic 
heterogeneity.  The  recent  discovery  of  recur¬ 
rent  mutations  occurring  in  the  UBA  domain  of 
SQSTMl/p62  in  patients  with  Paget’s  disease 
suggests  that  genetic  factors  may  play  an 
important  role.  Although  SQSTMl/p62  muta¬ 
tions  are  implicated  as  a  common  cause  of 
familial  and  sporadic  Paget’s  disease,  there  is 
no  correlation  among  different  mutant  forms  of 
p62  and  disease  severity.  Lack  of  skeletal 
abnormalities  in  p62  null  mice  further  suggests 
a  potential  role  for  genes  present  in  other  candi¬ 
date  loci  that  were  linked  with  Paget’s  disease. 
Alternatively,  a  genetic  defect  may  favor  the 
environmental  factors  such  as  MV  infection  to 
have  potential  role  in  pathogenesis  of  the  disease. 
However,  the  molecular  basis  for  the  abnorm¬ 
alities  associated  with  osteoclasts,  the  role  of 
paramyxoviral  infection  and  persistence  of  the 
virus  in  patients  with  Paget’s  disease  is  unclear. 
Targeting  the  expression  of  candidate  genes  to 
the  cells  of  osteoclast  lineage  in  transgenic 
mouse  that  are  permissive  to  MV  infection 
may  allow  better  understanding  of  the  patho- 
biology  of  Paget’s  disease.  It  is  important  to 


determine  a  cause  and  effect  relationship  for 
persistence  of  paramyxoviral  infection  and 
genetic  predisposition  in  these  patients.  There¬ 
fore,  the  etiology  of  Paget’s  disease  remains 
uncertain. 
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ABSTRACT:  The  osteoclast  is  hematopoietic  in  origin  and  is  the  primary  bone-resorbing  cell  derived  from 
monocyte/macrophage  lineage.  Tumor  necrosis  factor  (TNF)  family  member,  RANK  ligand  (RANKL)  expressed 
on  marrow  stromal/osteoblast  cells  in  response  to  several  osteotropic  factors,  is  critical  for  osteoclast  precursor 
differentiation  to  form  multinucleated  osteoclasts,  which  resorb  bone.  M-CSF  is  required  for  proliferation, 
survival,  and  expression  of  receptor  activator  of  nuclear  factor  kappa  B  (RANK)  in  osteoclast  precursors.  The 
interaction  of  RANKL-RANK  results  in  activation  of  various  signaling  cascades  during  osteoclast  development 
and  activation.  The  osteoclast  is  an  autocrine/paracrine,  intracrine  regulatory  cell  that  produces  factors  such  as  IL- 
6,  Annexin  II,  TGF-P,  OlP-l/hSca,  which  influence  its  own  formation  and  activity.  In  addition,  integrin 
expression  in  osteoclasts  mediate  cell-matrix  and  cell-cell  interactions  in  the  bone  microenvironment  through 
specific  signaling  pathways  resulting  in  cytoskeletal  organization,  polarization,  and  activation  of  osteoclasts  to 
resorb  bone.  Recent  molecular  genetic  studies  have  identified  several  transcription  factors,  such  as  NF-kB,  c-Fos, 
MITF,  and  NFATcl,  which  are  essential  for  osteoclast  differentiation.  Although  a  wide  variety  of  molecules, 
including  the  reactive  oxygen  species  (ROS)  that  are  differentially  regulated  during  osteoclastogenesis,  the  precise 
signal  transduction  pathways,  and  molecular  mechanisms  underlying  the  gene  expression  in  osteoclasts,  arc  just 
beginning  to  be  defined.  In  this  review,  we  discuss  the  molecular  regulatory  mechanisms  operative  during 
osteoclast  differentiation,  bone  resorption,  and  survival. 


KEYWORDS:  osteoclast,  differentiation,  signaling,  transcription  factors,  bone  resorption,  tartrate-resistant  add 
phosphatase,  RANKL 


I.  INTRODUCTION 

The  osteoclast  is  the  primary  bone-resorbing  cell, 
and  the  majority  of  evidence  favors  that  it  is  de¬ 
rived  from  the  monocyte-macrophage  lineage.  The 
earliest  identifiable  osteoclast  precursor  is  the 
granulocyte-macrophage  colony-forming  unit 
(CFU-GM),  the  granulocyte-macrophage  pro¬ 
genitor  cells  that  proliferate  and  differentiate  into 
committed  precursors  for  the  osteoclast.  The  early 
precursor  differentiates  and  begins  to  express 
CDllb,  CD45,  and  the  Kn22  antigen.  As  these 
cells  differentiate  further,  they  begin  to  express 
vitronectin  receptors  and  calcitonin  receptors 
(CTR)  (Roodman,  1999).  These  committed  pre¬ 
cursors  are  postmitotic  and  fuse  to  form  multi¬ 


nucleated  osteoclasts.  These  multinucleated  cells 
(MNC)  are  then  activated  to  form  bone-resorb¬ 
ing  osteoclasts  and  undergo  apoptosis.  The  ma¬ 
ture  human  osteoclast  expresses  the  interleukin-6 
receptor,  c-fms,  the  receptor  for  macrophage 
colony  stimulating  factor  (M-CSF),  vitronectin 
receptor  and  calcitonin  receptor  (CTR).  In  addi¬ 
tion  to  changes  in  the  surface  phenotype  that 
occur  during  osteoclast  differentiation,  expres¬ 
sion  of  tartrate-resistant  acid  phosphatase  (TRAP) 
has  been  detected  in  early  proliferating  osteoclast 
precursors  and  is  elevated  at  high  levels  in  com¬ 
mitted  osteoclast  precursors  that  fuse  to  form 
mature  osteoclasts.  However,  the  functional  role 
of  TRAP  in  the  osteoclast  is  unclear.  Studies 
using  homologous  recombination  to  inactivate 
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the  TRAP  gene  have  demonstrated  that  these 
animals  appear  to  have  relatively  normal  bone 
resorption  and,  in  fact,  have  problems  with  endo¬ 
chondral  bone  formation  and  mild  osteopetrosis 
(Hayman  et  al.,  1996).  Recently  there  have  been 
reports  that  early  B -lymphocytes,  B220+  cells, 
can  also  form  osteoclasts  (Sato  et  al.,  2001).  The 
molecular  and  cellular  events  involved  in  osteo¬ 
clast  differentiation  and  the  large  array  of  factors 
regulating  osteoclast  formation  and  activity  are 
just  beginning  to  be  defined.  In  this  review,  the 
regulatory  mechanisms  operative  during  osteo¬ 
clast  development  and  bone-resorption  activity 
are  discussed. 


II.  MECHANISMS  OF  OSTEOCLAST 
DIFFERENTIATION/BONE  RESORPTION 

RANK  ligand  (RANKL)  is  a  member  of  the  tu¬ 
mor  necrosis  factor  (TNF)  family  that  is  produced 
by  osteoblasts  and  stromal  cells  in  the  bone  mi¬ 
croenvironment.  Receptor  activator  of  NF-kB 
(RANK)  is  expressed  on  committed  osteoclast 
precursors.  RANKL  in  combination  with  M-CSF 
induces  differentiation  of  osteoclast  precursors/ 
spleen  cells  to  form  multinucleated  osteoclasts  in 
the  absence  of  stromal/osteoblast  cells.  RANKL 
binding  to  RANK  receptor  signals  through  the 
TRAF6  adapter  protein,  resulting  in  activation  of 
NF-kB  and  c-Jun  N-terminal  kinase  (JNK)  in 
osteoclast  precursor  cells,  which  then  fuse  to  form 
multinucleated  osteoclasts  (Boyle  et  aL,  2003).  It 
has  been  suggested  that  macrophage  fusion  recep¬ 
tor  (MFR)  interaction  with  CD47  and  CD44 
mediate  the  adhesion/fiision  to  form  multinucle¬ 
ated  osteoclasts  (Vignery,  2000).  Osteoprotegerin, 
a  decoy  receptor  of  RANKL  also  called  the 
osteoclastogenesis  inhibitory  factor,  is  a  member  of 
the  TNF  receptor  superfamily  (Simonet  et  al., 
1997).  However,  recent  evidence  suggests  that 
osteoprotegerin  (OPG)  direcdy  induces  promatrix 
metalloproteinase-9  activity  and  phosphorylation 
of  p38  and  ERKl/2  in  osteoclast  precursor  cells. 
Therefore,  it  has  been  suggested  that  RANKL- 
RANJ^'OPG  may  form  a  ternary  complex  on 
osteoclasts  (Theoleyre  et  al.,  2004).  Although 
TRAF6  is  essential  for  both  RANKL-  and 
TNF-a-induced  osteoclast  differentiation,  it  has 
been  reported  that  these  cytokines  did  not  effec¬ 
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tively  induce  osteoclast  precursor  cells  derived  from 
TRAFS-deficient  mice,  however,  JNK  and  NF-kB 
activation  occurred  in  these  cells  (Kanazawa  et  al., 
2003).  These  data  suggest  that  other  members  of 
TRAF  family  may  also  be  associated  with  RANK 
signaling  in  osteoclastogenesis.  TNF  appears  to 
induce  both  the  proliferation  and  differentiation  of 
osteoclast  precursors  and  activate  preformed  osteo¬ 
clasts  to  resorb  bone.  TNF-ct  has  been  reported  to 
stimulate  osteoclast  differentiation  by  a  mecha¬ 
nism  independent  of  RANK-RANKL  interaction 
(Kobayashi  et  al.,  2000),  but  Lam  et  al.  (2000) 
showed  that  trace  amounts  of  RANKL  are  re¬ 
quired  with  TNF-a  to  promote  osteoclastogenesis. 
Further  studies  revealed  that  TNF  signals  through 
a  TNF  type  1  receptor  (TNFrl),  enhancing  the 
expression  levels  of  c-Src,  TRAF2,  TRAF6,  and 
MEKK-1  to  stimulate  osteoclast  differentiation. 
Also,  TNF  and  RANKL  synergistically  upregju- 
lates  RANK  expression  in  osteoclast  precursors 
(Zhang  et  aL,  2001). 

TRAF6  demonstrates  different  functional 
domains  that  are  responsible  for  osteoclast  differ¬ 
entiation  and  maturation  (Kobayashi  et  al.,  2001). 
Shin  et  al.  (2002)  have  further  identified  a  novel 
zinc  finger  protein,  TIZ  (TRAF6  inhibitoiy  zinc 
finger  protein)  that  interacts  with  N-terminal 
region  of  TRAF-6  and  thereby  inhibits  RANKL 
stimulation  of  osteoclast  differentiation.  It  has 
also  been  shown  that  RANKL,  signaling  induce 
recruitment  of  SHP-1  (Src  homology  2  domain 
containing  phosphatase- 1)  to  TRAF-6  complex, 
resulting  in  enhanced  IkB-u  phosphorylation, 
degradation,  and  DNA-binding  activity  of 
NF-kB.  SHP-1  also  regulates  RANKL-induced 
phosphorylation  of  phosphotidylinositol  3  kinase 
(PI3K)  and  Akt  (Zhang  et  al.,  2003). 

RANKL  stimulates  p38  activity  and  phos¬ 
phorylation  of  Akt,  a  downstream  target  of  PI3K 
and  that  of  extracellular  signal-regulated  kinase 
(ERK)  suggesting  that  these  molecules  may  play 
important  roles  in  osteoclast  differentiation  (Lee 
et  al.,  2002a).  Furthermore,  expression  of  the 
negative  form  of  p38  alpha  MAP  kinase  or  MAP 
kinase  kinase  (MKK)  6  inhibits  RANKL  stimu¬ 
lated  osteoclast  differentiation.  It  has  also  been 
shown  that  TNF  induces  osteoclast  differentia¬ 
tion  and  that  p38  MAP  kinase— deficient  mice 
bone  marrow  cultures  form  reduced  numbers  of 
osteoclasts  compared  to  control  mice  (Matsumoto 
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et  al.,  2000).  RANKL  and  TNF-a  induce  phos¬ 
phorylation  of  p38  MAPK  in  osteoclast  precur¬ 
sors  but  not  in  mature  osteoclasts  (Li  et  al.,  2002). 
It  has  also  been  demonstrated  that  differentiation 
of  mouse  bone  marrow  macrophages  into  osteo¬ 
clasts  in  response  to  RANKL  or  TNF-a  was 
strongly  inhibited  by  a  p38  MAPK  inhibitor  (Li 
et  al.,  2003).  These  data  suggest  that  a  p38  MAP 
kinase  pathway  plays  an  important  role  in  RANKL 
signaling  of  osteoclast  differentiation,  but  not  for 
osteoclast  function  (Lee  and  Kim,  2003).  A  sche¬ 
matic  illustration  of  RANKL-RANK  interaction 
and  associated  signal  transduction  cascades,  which 
were  operative  during  osteoclast  differentiation, 
bone  resorption,  and  survival,  are  shown  in  Fig¬ 
ure  1.  Recent  evidence  also  indicates  that  decoy 
receptor  3  (DcR3)  of  the  TNF  receptor  super¬ 
family  via  coupling  reverse  signaling  of  ERK  and 
p38  MAPK  and  stimulating  TNF-a  synthesis 
induces  osteoclast  formation  from  monocyte/ 
macrophage  lineage  precursor  cells  (Yang  et  al., 
2004).  Previously  it  has  been  demonstrated  that 
Gas6/Tyro  3  (a  receptor  tyrosine  kinase)  signal¬ 
ing  stimulates  mature  osteoclasts  to  resorb  bone 
through  p42/p44  MAPK  activation  (Katagiri  et 
al.,  2001). 

RANKL  has  been  shown  to  activate  anti- 
apoptotic  serine/threonine  kinase  Akt/PKB 
through  a  signaling  complex  involving  c-Src  and 
TRAF6  leading  to  phosphorylation  of  down¬ 
stream  molecules,  such  as  c-Cbl,  suggesting  a 
cross  talk  between  TRAF  proteins  and  Src  family 
kinases  (Wong  et  al.,  1999).  Molecular  indexing 
methods  further  identified  the  Jun  dimerization 
protein  2  (JDP2,  a  member  of  the  AP-1  family), 
which  mediates  RANKL-induced  osteoclast  dif¬ 
ferentiation  (Kawaida  et  al.,  2003).  Similarly,  a 
dominant  negative  form  of  TAKl  (transforming 
growth  factor-beta-activated  kinase  1)  has  been 
shown  to  suppress  RANKL-induced  AP-1  acti¬ 
vation  by  TRAF2,  TRAF5,  and  TRAF6,  and 
JNK  activity,  indicating  that  TAKl  is  involved  in 
the  RANK  signaling  through  MAPK  cascade 
and  NF-kB  pathway  (Lee  et  al.,  2002b).  More 
recently,  it  has  also  been  shown  that  JunB  inacti¬ 
vation,  specifically  in  the  macrophage-osteoclast 
lineage,  develops  osteopetrosis-like  phenotype  in 
mice  (Kenner  et  al.,  2004). 

Recurrent  mutation  of  the  gene-encoding 
ubiquitin-binding  protein,  sequestosome  1 


(SQSTMl/p62),  has  been  reported  in  patients 
with  Paget’s  bone  disease  (Laurin  et  al.,  2002). 
p62  has  been  shown  to  interact  with  the  atypical 
PKC  (aPKC)  and  TRAF6.  More  recently,  Duran 
et  al.  (2004)  have  shown  that  RANKL  stimula¬ 
tion  resulted  in  upregulation  of  p62  and  forma¬ 
tion  of  a  ternary  complex  of  TRAF6,  p62,  and 
aPKC  during  osteoclastogenesis.  Furthermore, 
they  have  also  shown  that  the  genetic  inactivation 
of  p62  in  mice  impairs  osteoclastogenesis  in  vitro 
and  in  vivo  through  inhibition  of  IkappaB  kinase 
(IKK)  activation  and  NF-kB  nuclear  transloca¬ 
tion.  These  data  suggest  that  signaling  mecha¬ 
nisms  associated  with  p62  may  also  play  an 
important  role  in  osteoclast  development  and  func¬ 
tion.  In  addition,  protein  kinase  C-beta  has  been 
shown  to  regulate  osteoclast  formation  and  func¬ 
tion  through  participation  in  the  ERK  pathway 
of  M-CSF  and  RANKL  signaling  (Lee  et  al., 
2003b).  Therefore,  osteoclast  differentiation  is  a 
complex  process  regulated  by  several  signal-trans¬ 
duction  cascades  and  yet  to  be  further  delineated 
to  our  understanding  of  downstream  effectors  and 
cooperative  mechanisms  during  normal  and  patho¬ 
logical  bone  remodeling. 

III.  TRANSCRIPTION  FACTOR/ 
PROTO-ONCOGENE  CONTROL 
OF  OSTEOCLAST  DEVELOPMENT/ 
FUNCTION 

In  vitro  and  in  vivo  molecular  genetic  approaches 
have  provided  evidence  indicating  several  tran¬ 
scription  factors/proto-oncogenes  appear  to  be 
the  key  regulators  of  osteoclast  differentiation 
and  bone-resorption  activity  (Teitelbaum  and 
Ross,  2003).  However,  the  molecular  mecha¬ 
nisms  by  which  transcription  factors  regulate 
osteoclast-specific  gene  expression  are  just  begin¬ 
ning  to  be  defined. 

A.  NF-kB 

NF-kB  is  an  important  transcription  factor  in¬ 
volved  in  osteoclast  differentiation.  Mice  defi¬ 
cient  in  both  the  p50  and  p52  subunits  of  NF-kB 
develop  severe  osteopetrosis  (Franzoso  et  al.,  1997). 
Deletion  of  only  the  p50  or  p52  subunit  did  not 
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Differentiation  Resorption  Survival 

FIGURE  1.  RANKL-RANK  interaction  and  associated  signaling  pathways  functional  in  osteoclasts. 


affect  bone  phenotype.  NF-kB  plays  a  critical  role 
in  expression  of  a  variety  of  cytokines  involved  in 
osteoclast  diflferentiation,  including  IL-1,  TNF-a, 
IL-6,  GM-CSF,  RANKL,  and  other  growth  fac¬ 
tors.  Deletion  of  both  p50  and  p52  may  affect  the 
production  of  growth  factors  critical  for  osteoclast 
differentiation  as  well  as  RANKL  signaling  How¬ 
ever,  it  has  been  reported  that  NF-kB  p50  and  p52 
expression  is  not  required  for  formation  of  RANK 
expressing  osteoclast  progenitors,  but  is  essential 
for  RANK  expressing  osteoclast  precursors  to  dif¬ 
ferentiate  into  osteoclasts  in  response  to  RANKL 
and  other  osteoclastogenic  cytokines  (Xing  et  al., 
2002).  Recently,  it  has  been  demonstrated  that 
RANKL  increases  expression  of  the  proto¬ 
transcription  factor  plOO  and  its  conversion  to 
p52.  NF-KB-inducing  kinase  (NIK)  controls  pro¬ 
cessing  of  plOO  to  generate  p52,  and  the  defi¬ 
ciency  of  NIK  results  in  cytosolic  accumulation  of 
plOO  in  osteoclast  precursors.  In  addition,  plOO- 
deficient  osteoclast  precursors  showed  enhanced 
sensitivity  to  RANKL,  which  further  suggests 
that  regulatory  mechanisms  distinct  from  the 
classical  IxB-a  pathway  may  be  operative  in  osteo¬ 
clasts  (Novack  et  al.,  2003). 

B.  PU.1 

The  myeloid  and  B  cell-specific  transcription  fac¬ 
tor  PU.l  is  critical  for  osteoclast  differentiation. 
PU.l  expression  is  progressively  increased  as  mar¬ 
row  macrophages  expressed  the  osteoclast  pheno¬ 
type  in  vitro.  Furthermore,  PU.l  expression 
increased  with  the  induction  of  osteoclastogenesis 
by  1,25-(0H)2D3  and  dexamethasone.  PU.l 
deficient  mice  are  osteopetrotic.  The  absence  of 
both  osteoclasts  and  macrophages  in  PU.l  deficient 
mice  suggests  that  this  transcription  factor  regulates 
the  initial  stages  of  macrophage  differentiation 
(Tondravi  et  al.,  1997).  PU.l  has  been  shown  to 
interact  with  the  microphthalmia  transcription 
factor  (MITF)  to  regulate  TRAP  gene  expression 
and  osteoclast  differentiation  (Luchin  et  al.,  2001). 

C.  c-Fos 

The  AP-1  (Fos/Jun)  transcription-factor  complex 
plays  important  role  in  skeletal  development.  c-Fos, 


a  proto-oncogene  normally  associated  with  osteo¬ 
sarcomas,  also  appears  to  be  a  key  regulator  of 
osteoclast  differentiation.  Mice  lacking  the  c-Fos 
proto-oncogene  develop  osteopetrosis  and  have 
normal  macrophage  differentiation  (Wagner  and 
Matsuo,  2003).  The  Fos-deficient  mice  have  a 
block  in  differentiation  at  the  branch  point  be¬ 
tween  monocyte-macrophages  and  osteoclasts,  and 
only  form  macrophages.  Furthermore,  transfec¬ 
tion  of  c-Fos  cDNA  into  avian  osteoclast  precur¬ 
sors  induced  a  two-fold  increase  in  TRAP  and 
osteoclastic  bone-resorption  activity  as  compared 
with  controls.  These  data  suggest  that  prolonged 
expression  of  c-Fos  can  enhance  osteoclast  differ¬ 
entiation.  Overexpression  of  Fra-1,  but  not  c-Fos, 
in  an  immortalized  bipotential  osteoclast/macroph¬ 
age  precursor  cell  line  caused  a  significant  increase 
in  the  proportion  of  these  precursors,  which  devel¬ 
oped  CTR  and  subsequent  bone  resorption  (Owens 
et  al.,  1999).  These  data  suggest  that  Fra-1  may 
play  a  role  in  osteoclast  differentiation  distinct  from 
that  of  c-Fos.  Fra-1,  but  none  of  the  Jun  proteins 
(c-Jun,  Jun-B,  and  Jun-D)  rescued  the  block  in 
osteoclast  differentiation  when  the  Fra-1  gene  is 
knocked  into  c-Fos-deficient  mice  (Fleischmann 
et  aL,  2000).  The  N-terminal  portion  and  the  core 
region  of  Fos  proteins  were  sufficient  for  osteoclast 
differentiation  (Wagner  and  Matsuo,  2003).  Re¬ 
cently,  these  investigators  have  also  shown  that 
RANKL  induces  transcription  of  Fosll  in  a  c-Fos- 
dependent  manner,  thereby  establishing  a  link 
between  RANK  signaling  and  the  expression  of 
AP-1  proteins  in  osteoclast  differentiation  (Matsuo 
et  al.,  2000).  c-Fos  plays  an  important  role  in  the 
proliferative  phase  of  osteoclast  progenitors,  but 
not  in  the  terminal  differentiation  phase  or  in  the 
bone-resorbing  activity  of  mature  osteoclasts 
(Udagawa  et  al.,  1996). 

D.  c-Src 

c-Src,  a  proto-oncogene,  plays  a  critical  role  in 
the  activation  of  quiescent  osteoclasts  to  become 
bone-resorbing  osteoclasts.  Osteoclast  formation 
is  normal  in  animals  lacking  the  c-Src  gene. 
However,  they  develop  osteopetrosis  because  the 
osteoclasts  are  unable  to  resorb  bone  (Soriano  et 
al.,  1991).  These  osteoclasts  cannot  form  ruffled 
borders  (Boyce  et  al.,  1992).  The  substrate  for  Src 
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appears  to  be  cortactin,  which  plays  a  critical  role 
in  the  attachment  of  osteoclasts  to  bone  surfaces. 
Transgenic  mice,  which  had  the  wild-type  or 
mutated  versions  of  c-Src  proto-oncogene  targeted 
to  the  osteoclast,  demonstrated  that  expression  of 
the  wild-type  transgene  in  only  a  limited  number 
of  tissues  can  fully  rescue  the  c-Src-deficient 
phenotype.  Interestingly,  expression  of  kinase 
defective  mutants  of  c-Src  in  c-Src-deficient  mice 
also  reduces  osteopetrosis  (Schwartzberg  et  al., 
1997).  These  data  suggest  that  there  are  essential 
kinase-independent  functions  for  c-Src  in  vivo.  It 
has  been  shown  that  c-Src  associated  with  tubu¬ 
lin  only  when  avian  osteoclasts  were  adherent  to 
bone  (Abu-Amer  et  al.,  1997).  This  would  sug¬ 
gest  that  matrix  recognition  by  osteoclasts  induce 
c-Src  to  associate  with  microtubules  that  mobi¬ 
lize  proteins  to  the  cell  surface.  Tanaka  et  al. 
(1996)  suggested  that  the  lack  of  phosphorylation 
of  c-Cbl  is  the  important  step  in  osteoclast  acti¬ 
vation  in  c-Src-deficient  animals.  Also,  c-Cbl 
forms  molecular  complexes  with  Src  and  Pyk2  to 
regulate  osteoclast  adhesion  and  motility  (Sanjay 
et  al.,  2001).  More  recently,  Miyazaki  et  al.  (2004) 
reported  that  Src  kinase  activity  is  essential  for 
osteoclast  function.  They  have  concluded  that 
phosphorylation  of  Cbl  and  the  subsequent  re¬ 
cruitment  and  activation  of  PIS  K  may  be  a  critical 
signaling  event  doAvnstream  of  Src  in  osteoclasts. 
TTrese  workers  have  previously  identified  the  Tax 
transcription  factor,  which  has  a  role  in  commit¬ 
ment  of  cells  to  the  osteoclast  lineage  and/or 
osteoclast  differentiation  (Inoue  et  al.,  1997). 


E.  MITF 

The  microphthalmia  transcription  factor  (MITF) 
is  required  for  terminal  osteoclast  differentiation. 
Mice  lacking  the  MITF  gene  developed  osteo¬ 
petrosis.  Mansky  et  al.  (2002a)  have  shown  that 
MITF  is  involved  in  the  RANKL-signaling  path¬ 
way  and  phosphorylation  of  MITF  results  in 
activation  of  target  genes  in  osteoclasts.  M-CSF 
induces  phosphorylation  of  MITF,  and  that 
MITF  and  the  TFE3  transcription  factors  are 
required  for  osteoclast  gene  activation  (Weilbacher 
et  al.,  2001).  MITF  and  TFE3  are  closely  related 
helix-loop-helix  transcription  factors,  which  have 
been  implicated  in  osteoclast  development  and 


function.  MITF  and  the  related  helix-loop-heUx 
factor  TFE-3  and  TFE-C  have  been  shown  to 
collaborate  to  activate  the  TRAP  gene  promoter 
during  osteoclast  differentiation  (Mansky  et  al., 
2002b).  Furthermore,  the  constitutively  active 
Racl  or  MKK6  gene  could  collaborate  with  MITF 
to  activate  TRAP  gene  transcription  (Manslq^  et 
al.,  2002a).  These  results  indicate  that  MITF  is  a 
target  for  the  RANKL  signaling  in  osteoclasts 
and  that  phosphorylation  of  MITF  leads  to  an 
increase  in  osteoclast-specific  gene  expression. 


F.  c-Myc 

Recently,  it  has  been  reported  that  RANKL  in¬ 
duces  c-Myc  proto-oncogene  expression  during 
osteoclast  differentiation  of  RAW  264.7  cells 
(Battaglino  et  al.,  2002).  Furthermore,  expression 
of  a  dominant  negative  Myc  in  these  cells  results 
in  a  blockade  of  RANKL-induced  osteoclast  for¬ 
mation.  In  contrast,  c-Myc  has  been  shown  to 
negatively  regulate  TRAP  gene  transcription  in 
osteoclasts  (Daumer  et  al.,  2002).  These  data 
suggest  that  c-Myc  plays  important  role  in  regu¬ 
lation  of  target  gene  expression  and  RANKL- 
induced  differentiation  of  osteoclasts. 


G.  NFAT 

Recently,  it  has  been  reported  that  the  calcineurin/ 
NFAT  (nuclear  factor  of  activated  T  cells)  signal¬ 
ing  pathway  regulates  osteoclast  differentiation. 
Immunosuppressant  drugs,  such  as  cyclosporin  A, 
act  as  specific  inhibitors  of  the  calcium-/ 
calmodulin-regulated  serine/threonine  phos¬ 
phatase,  calcineurin.  RANKL  signaling  induced 
elevation  of  cytosolic  Ca^*,  which  resulted  in  acti¬ 
vation  of  calcineurin.  Activated  calcineurin  de- 
phosphorylate  cytosolic  NFAT  is  followed  by 
nuclear  translocation  and  interaction  with  the  AP-1 
transcription  factor  complex  to  modulate  target 
gene  expression  in  osteoclasts.  Phosphorylation  of 
NFATc  by  glycogen  synthase  kinase-3  inhibits  the 
ability  of  NFATc  to  bind  DNA  (Hogan  et  al., 
2003).  NFATcl-deficient  embryonic  stem  cells 
fail  to  differentiate  into  bone-resorbing  osteoclasts 
in  response  to  RANKL  stimulation  (Takayan^i 
et  al.,  2002b).  Furthermore,  RANKL  has  been 


260 


Critical  Reviews™  in  Eukaryotic  Gene  Expression 


shown  to  upregulate  NFATcl  expression  during 
osteoclast  differentiation.  These  results  also  indi¬ 
cated  that  calcineurin  is  an  essential  downstream 
effector  of  the  RANKL-signaling  pathway.  In 
addition,  the  constitutively  active  calcineurin- 
independent  NFATcl  mutant  expression  is  suf¬ 
ficient  to  induce  osteoclast  differentiation  of 
RAW264.7  cells  in  vitro  (Hirotani  et  al.,  2004). 
Therefore,  NFATcl  plays  an  important  role  in 
regulating  osteoclast  differentiation  and  function 
in  response  to  RANKL  stimulation  (^datsuo  et 
al.,  2004;  Ikeda  et  al.,  2004). 


IV.  INTEGRIN  SIGNALING  AND 
OSTEOCLAST  ADHESION 

Kania  et  al.  (1997)  determined  that  CD44,  a  cell- 
surface  glycoprotein,  which  is  known  to  function 
as  an  adhesion  receptor,  is  also  involved  in  osteo¬ 
clast  differentiation.  Monoclonal  antibodies 
against  CD44  inhibit  osteoclast  formation.  How¬ 
ever,  CD44  antibodies  did  not  inhibit  the  bone- 
resorptive  activity  of  mature  osteoclasts,  suggesting 
that  this  surface  antigen  play  a  role  predomi¬ 
nantly  in  osteoclast  formation.  More  recently, 
Chellaiah  et  al.  (2003)  reported  that  Rho  kinase 
is  a  potent  activator  of  CD44  surface  expression. 
Fur^ermore,  they  have  identified  cooperativity 
between  a,.P3  integrins  and  CD44  for  osteoclast 
motility  and  bone  resorption.  Integrins  are 
heterodimeric  adhesion  receptors  that  mediate 
cell-matrix  and  cell-cell  interactions.  Osteoclasts 
highly  express  the  a,.p3  vitronectin  receptors  that 
bind  to  several  extracellular  matrix  proteins,  in¬ 
cluding  vitronectin,  osteopontin,  and  bone  sialo- 
protein.  Furthermore,  evidence  is  acumulated  that 
several  signaling  and  adaptor  molecules  are  in¬ 
volved  in  a„|33  integrin-dependent  signaling  path¬ 
ways,  which  include  PI3K,  c-Src,  PYK2,  FAK, 
and  pl30^“.  In  addition,  cytoskeletal  molecules, 
such  as  paxillin  vinculin,  gelsolin,  and  F-actin, 
are  recruited  to  adhesion  contacts  upon  integrin 
activation  (Duong  et  al.,  2000).  PYK2  and  focal 
adhesion  kinase  (FAK)  are  major  tyrosine  kinases 
activated  by  integrin  engagement.  Studies  have 
shown  that  ligation  of  a,,(33  integrin  in  osteoclasts 
induces  c-Src-dependent  tyrosine  phosphoryla¬ 
tion  and  Proline-rich  tyrosine  kinase  2  (PYK2) 
activation,  leading  to  a  cytoskeletal  rearrange¬ 


ment,  migration,  and  polarization  of  osteoclasts 
to  resorb  bone.  However,  PYK2  is  the  main  adhe¬ 
sion-induced  kinase  in  bone-resorbing  osteoclasts. 
Further  studies  demonstrated  that  PYK2  auto¬ 
phosphorylation,  but  not  kinase  activity  is  essential 
in  the  regulation  of  adhesion-dependent  cyto¬ 
skeletal  organization  in  osteoclasts  (Lakkakorpi  et 
al.,  2003).  Recently,  it  has  been  reported  that  P3 
integrin  null  osteoclasts  are  dysfunctional,  how¬ 
ever,  the  osteoclast  numbers  are  increased  in  vivo. 
In  vitro,  addition  of  M-CSF,  but  not  RANKL, 
completely  rescues  ^3"^”  osteoclastogenesis.  These 
studies  have  also  delineated  that  c-Fms  and  (Xj33 
collaborate  through  shared  activation  of  the  ERK/ 
c-Fos  signaling  pathway  during  the  osteoclasto¬ 
genesis  (Faccio  et  al.,  2003a).  It  has  also  been 
demonstrated  that  M-CSF  induces  c-Cbl  phos¬ 
phorylation  independent  of  cell  adhesion,  how¬ 
ever,  phosphorylation  of  pl30^“  depends  on  CX,.p3 
integrin  mediated  cell  adhesion.  Therefore, 
pl30^"  and  c-Cbl  play  distinct  roles  in  the  signal 
transduction  pathways  that  mediate  cytoskeletal 
organization  in  osteoclasts  (Nakamura  et  al., 
2003).  Recently,  it  has  also  been  found  that 
leupaxin,  a  cytoskeleton  adaptor  protein  that  shares 
homology  with  the  focal  adhesion  protein  paxUlin, 
is  associated  with  PYK2  and  ppl25FAK  in  the 
osteoclast  (Gupta  et  al.,  2003).  Tlierefore,  leupaxin 
may  be  a  critical  component  of  the  osteoclast 
podosomal  signaling  complex. 

In  addition,  Wiskott  Aldrich  Syndrome  pro¬ 
tein  (WASp)  has  shown  to  be  involved  in  the 
proliferation  and  differentiation  of  CD34*  hemo¬ 
poietic  progenitor  cells.  More  recently,  WASp 
has  been  shown  to  be  a  critical  component  of 
podosomes  in  osteoclasts  and  that  WASp  defi¬ 
ciency  in  mice  results  in  failure  to  form  osteo¬ 
clast-sealing  zones  and  defects  in  bone  resorption 
(Calle  et  al.,  2004).  Therefore,  WASp  may  func¬ 
tion  through  participation  in  signal  transduction 
and  in  the  regulation  of  the  cytoskeleton  during 
osteoclast  bone  resorption. 

V.  AUTOCRINE/PARACRINE 
REGULATION  OF 
OSTEOCLASTOGENESIS 

Osteoclast  is  an  abundant  source  of  cytokines  in 
the  bone  microenvironment.  High  levels  of  inter- 
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leukin-6  (IL-6)  have  been  associated  with  several 
bone  diseases,  including  Paget’s  disease,  multiple 
myeloma,  osteoporosis,  and  Gorham-Stout  dis¬ 
ease.  Furthermore,  IL-6  can  act  as  an  autocrine/ 
paracrine  factor  that  stimulates  osteoclast  forma¬ 
tion  in  human  marrow  culmres  in  the  absence  of 
added  IL-6  receptors  (Roodman,  1999).  We  have 
also  demonstrated  that  addition  of  a  neutralizing 
antibody  to  IL-6  or  antisense  deoxyoligo- 
nucleotides  to  IL-6  mRNA  can  block  bone  re¬ 
sorption  by  human  osteoclasts  isolated  from  giant 
cell  tumors  of  bone  (Reddy  et  al.,  1994).  How¬ 
ever,  osteoblastic  cells  from  transgenic  mice  con- 
stitutively  overexpressing  human  IL-6  receptors 
demonstrated  that  the  ability  of  IL-6  to  induce 
osteoclast  differentiation  depended  on  signal  trans¬ 
duction  mediated  by  IL-6  receptors  expressed  on 
osteoblastic  cells,  but  not  on  osteoclast  progeni¬ 
tors  (Udagawa  et  al.,  1995). 

Oursler  (1994)  has  shown  that  osteoclasts  pro¬ 
duce  TGF-p,  which  can  inhibit  or  enhance  osteo¬ 
clast  formation  and  bone  resorption,  depending  on 
its  concentration.  Chenu  et  al.  (1988)  also  have 
showed  that  TGF-P  inhibits  both  the  proliferation 
and  fusion  of  human  osteoclast  precursors.  In  addi¬ 
tion,  TGF-p  appears  to  preferentially  induce  granu¬ 
locytic  rather  than  monocyte-macrophage 
differentiation  of  early  monocyte  precursors.  These 
data  demonstrate  that  TGF-P,  in  addition  to  in¬ 
hibiting  all  stages  of  osteoclast  differentiation, 
also  appear  to  deplete  the  precursor  pool  for  os¬ 
teoclasts  by  shifting  the  differentiation  of  imma¬ 
ture  precursor  cells  toward  the  granulocytic  lineage. 
Recent  studies  have  shown  that  very  low  concen¬ 
trations  of  TGF-pl  can  enhance  osteoclast  for¬ 
mation  and  bone  resorption  (Y an  et  al.,  2001).  It 
has  also  been  shown  that  TGF-P  promotes  hu¬ 
man  osteoclastogenesis  through  stimulation  of 
the  p38  MAPK  and  that  continuous  exposure  to 
TGF-P  abrogates  osteoclastogenesis  through 
downregulation  of  RANK  expression  in  osteo¬ 
clast  precursor  cells  (Karsdal  et  al.,  2003).  Fur¬ 
thermore,  TGF-P  upregulates  suppressors  of 
cytokine  signaling,  SOCS-3  in  osteoclast  precur¬ 
sors  opposing  the  inhibitory  cytokine  signaling 
for  osteoclast  commitment  (Fox  et  al.,  2003).  More 
recently,  TGF-P  in  the  presence  of  M-CSF  has 
been  shown  to  directly  induce  osteoclast  precur¬ 
sors  to  differentiate  into  bone-resorbing  osteo¬ 
clasts  (Itonaga  et  al.,  2004).  These  results  suggest 


that  the  effects  of  TGF-P  on  osteoclast  activity 
differ,  depending  on  the  amount  of  TGF-P 
present  in  the  bone  microenvironment. 

We  have  previously  used  an  expression¬ 
cloning  approach  with  a  human  osteoclast  cDNA 
library  and  identified  Annexin  II,  which  stimu¬ 
lates  osteoclast  formation.  We  further  demon¬ 
strated  that  Annexin  II  enhanced  GM-CSF 
production  by  bone  marrow  T-lymphocytes  and 
stromal  cells,  increasing  the  proliferation  of  osteo¬ 
clast  precursors  and  resulting  in  increased 
osteoclastogenesis.  We  also  identified  osteoclast 
inhibitory  peptide-1  (OlP-l/hSca),  which  inhib¬ 
its  osteoclast  development  and  bone  resorption 
(Reddy  and  Roodman,  1998).  More  recently,  we 
have  shown  that  interferon-y  (IFN-y)  enhances 
OlP-l/hSca  expression  and  that  OIP-1  inhibits 
osteoclast  formation  through  suppression  of 
TRAF2  expression  and  JNK  activity  in  RANKL- 
stimulated  osteoclast  precursor  cells  (Koide  et  al., 
2003).  In  addition,  we  have  identified  a  novel 
intracellular  signaling  molecule  termed  osteoclast 
stimulatory  factor  (OSF)  which  interacts  with 
c-Src  and  the  spinal  muscular  atrophy  (SMA) 
disease-determining  gene  product  (SMN),  result¬ 
ing  in  the  release  of  soluble  factors  that  enhance 
osteoclast  differentiation  (Kurihara  et  al.,  2001). 
Similarly,  Roodman  and  coworkers,  using  cDNA 
subtractive  hybridization  methods,  demonstrated 
that  the  eosinophil  chemotactic  factor-L  (ECF-L), 
ADAM8  (a  disintegrin  and  metalloproteinase)  is 
highly  expressed  in  mature  osteoclasts.  ECF-L 
acted  at  the  later  stages  of  osteoclast  formation 
and  increased  migration  of  osteoclast  precursors. 
ADAM8  affects  the  later  stages  of  osteoclast  dif¬ 
ferentiation,  increasing  bone-resorption  capacity 
of  these  cells.  They  have  also  previously  identified 
legumain  as  an  inhibitor  of  osteoclast  formation 
and  bone  resorption  (Oba  et  al.,  2003;  Choi  et  al., 
2001;  Roodman,  1999). 

Immune  cell  products  (such  as  IFNs),  which 
are  released  in  response  to  inflammatory  stimuli  or 
viral  infections,  are  negative  regulators  for  bone 
remodeling.  In  addition,  IFNs  inhibit  CFU-GM 
growth  and  recruitment  of  osteoclast  precursors  to 
fuse  and  form  multinucleated  osteoclasts.  T-ceU 
production  of  IFN-y  also  strongly  suppresses 
osteoclastogenesis  by  interfering  with  the  RANKL- 
RANK  signaling  pathway  (Takayanagi  et  al.,  2000). 
IFN-y  induces  rapid  degradation  of  the  RANK 
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adaptor  protein,  TRAF6,  which  results  in  strong 
inhibition  of  the  RANKL-induced  NF-kB  activa¬ 


tion  and  c-Jun  kinase  activity.  These  studies  sug¬ 
gested  that  there  is  cross  talk  between  TNF  and 
IFN  families  of  cytokines,  through  which  IFN 
provides  a  negative  link  between  T-cell  activation 
and  bone  resorption.  IFN-y  exerts  a  direct  effect 
on  osteoclast  progenitors,  and  TGF-P  antagonizes 
the  effect  of  IFN-y  (Fox  and  Chambers,  2000). 
Although  the  mechanism  of  glucocorticoid  action 
on  osteoclasts  is  unclear,  it  has  been  reported  that 
dexamethasone  enhances  osteoclast  formation  syn- 
ergistically  with  TGF-P  by  priming  the  osteoclast 
precursor  differentiation.  Dexamethasome  de¬ 


creased  IFN-P  production  in  osteoclasts,  resulting 
in  an  increased  rate  of  osteoclastogenesis  (Takuma 
et  aL,  2003).  Recently,  it  has  been  shown  that 
RANKL  induces  the  IFN-P  gene  in  osteoclast 
precursor  cells  and  that  IFN-P  inhibits  osteoclast 
differentiation  by  interfering  with  the  RANKL- 
induced  expression  of  c-Fos  to  maintain  bone  ho¬ 
meostasis  (Takayanagi  et  al.,  2002a).  Similarly, 
IL-7  has  been  shown  to  be  a  direct  inhibitor  of 
osteoclastogenesis  in  vitro  and  that  IL-7-deficient 
mice-derived  bone  marrow  cultures  form  increased 
numbers  of  osteoclasts  in  response  to  several 
osteotropic  factors,  such  as  vitamin  D3,  PTH, 
M-CSF,  and  RANKL.  In  contrast,  bone  marrow 
cultures  derived  from  IL-7  receptor  null  mice  form 
decreased  numbers  of  osteoclasts  when  stimulated 
with  these  cytokines,  further  suggesting  that  IL-7 
may  have  complex  regulatory  mechanisms  signal¬ 
ing  through  multiple  receptors  expressed  on  osteo¬ 
clast  precursor  cells  (Lee  et  aL,  2(X)3a).  Osteoclasts 
have  been  shown  to  secrete  the  chemotactic  cytokine 
mim-1,  however,  the  signaling  mechanisms  by 
which  mim-1  affect  osteoclastogenesis  are  unknown 
(Falany  et  al.,  2001). 

Calcitonin  is  a  peptide  hormone  secreted  by 
the  parafollicular  cells  of  the  thyroid  gland  and  a 
potent  inhibitor  of  osteoclastic  bone  resorption. 
Calcitonin  receptors  (CTR)  are  expressed  on  com¬ 
mitted  osteoclast  precursors  and  mature  osteoclasts. 
Calcitonin  downregulates  expression  of  CTR  in 
osteoclast  precursors  and  mature  osteoclasts 
(Takahashi  et  aL,  1995).  CTR  genes  demonstrated 
alternative  splicing  of  transcripts  and  osteoclast 
specificity  (Anusaksathien  et  aL,  2001).  Calcitonin 
acts  on  osteoclasts  by  stimulating  adenylcyclase 
activity  and  cAMP  accumulation,  which  results  in 


immobilization  of  the  osteoclast  and  contraction 
of  the  osteoclast  away  from  the  bone  surface  (Gorn 
et  al.,  1995).  Osteoclasts  continuously  exposed  to 
calcitonin  can  escape  the  effects  of  calcitonin.  The 
mechanism  responsible  for  this  escape  phenom¬ 
enon  is  unclear,  but  may  be  due  to  foe  effects  of 
calcitonin  on  transcriptional  regulation  of  CTR 
gene  expression  and  downregulation  of  CTR  on 
foe  surface  of  foe  osteoclast. 


VI.  MECHANISMS  OF  OSTEOCLAST 
SURVIVAUAPOPTOSIS 

Differentiated  osteoclasts  undergo  rapid  apoptosis. 
Osteoclast  cultures  stimulated  ivifo  RANM^  and 
M-CSF  indicated  that  both  the  MEK/ERK  and 
AKT/NF-kB  pathways  contribute  to  osteoclast 
survival.  The  inhibition  of  PI3K,  which  activates 
either  of  these  pathways,  caused  apoptosis  through 
blockade  of  MEKl/2,  ERKl/2,  and  AKT  phos¬ 
phorylation  and  NF-kB  activation  in  purified 
osteoclasts.  This  suggests  that  PI3K  coordinately 
activates  two  distinct  survival  pathways  that  are 
important  for  osteoclast  survival  (Gingery  et  al., 
2003).  It  has  been  reported  that  IL-1  alpha 
strongly  induced  ERK  and  NF-kB  activation. 
However,  ERK  activation  is  responsible  for  osteo¬ 
clast  survival  (Miyazaki  et  al.,  2000).  Similarly, 
TNF-a  has  been  shown  to  promote  osteoclast 
survival  by  suppression  of  caspase  activation 
through  PI3K,  AKT,  and  MEK/ERK  signaling 
pathways  (Lee  et  al.,  2001). 

M-CSF  promotes  proliferation  and  survival  of 
osteoclast  precursors.  A  frame-shift  mutation  in 
foe  coding  region  of  foe  M-CSF  gene  in  op/op 
mice  results  in  an  osteopetrotic  phenotype  due  to 
foe  lack  of  functionally  active  M-CSF  (Yoshida  et 
aL,  1990).  M-CSF  downregulates  c-fms  expres¬ 
sion  and  foe  entry  of  osteoclast  progenitors  into 
foe  osteoclast  lineage  in  murine  bone  marrow  cul¬ 
tures  (Fan  et  al.,  1997).  Osteopetrosis  in  op/op 
mice  improves  with  age,  suggesting  that  M-CSF  is 
required  for  osteoclast  development  in  younger 
animals  (Nilsson  et  al.,  1995).  Therefore,  M-CSF 
produced  by  osteoblasts  appears  to  be  indispens¬ 
able  for  proliferation  and  differentiation  of  osteo¬ 
clast  progenitors,  but  can  be  substituted  by  other 
factors.  M-CSF  has  been  shown  to  induce  RANK 
expression  in  osteoclast  precursor  cells  (Aral  et  al.. 
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1999).  PI3K  has  been  shown  to  be  a  critical  down¬ 
stream  effector  from  c-fms,  0C^.p3  integrin,  and 
RANK.  M-CSF  stimulates  osteoclast  spreading, 
motility,  and  cytoskeletal  organization.  PI3K  in¬ 
teracts  with  c-Src  in  mediating  the  effects  of  acti¬ 
vated  c-fms  (Golden  and  Insogna,  2004).  In 
addition,  GM-CSF  in  the  presence  of  IL-6  or 
TNF-a  increased  osteoclast  numbers  beyond  that 
seen  with  either  IL-6  or  TNF-a  alone  (Gomy  et 
al.,  2004).  Recently,  RANKL,  M-CSF,  and 
TNF-a  have  also  been  shown  to  promote  osteo¬ 
clast  survival  by  signaling  through  mammalian  tar¬ 
get  of  rapamycin,  mTOR/S6  kinase  activation 
(Glantschnig  et  aL,  2003).  Lacey  et  al.  (2000)  have 
shown  that  RANKL  is  essential,  but  not  sufficient 
for  osteoclast  survival,  and  endogenous  CSF-1  lev¬ 
els  are  insufficient  to  maintain  osteoclast  viability 
in  the  absence  of  RANKL.  Kojima  et  al.  (2001) 
further  demonstrated  that  RANKL  inhibit  rDrakl, 
a  kinase  that  is  highly  expressed  in  active  osteo¬ 
clasts  and  induces  apoptosis.  It  has  also  been  shown 
that  RANKL  activate  JNKl,  but  not  JNK2,  and 
that  JNKl  protects  bone-marrow  monocytes  from 
RANKL-induced  apoptosis  during  differentiation. 
JNKl  activation  modulates  osteoclast  differentia¬ 
tion  through  both  c-Jun  phosphorylation-depen¬ 
dent  and  -independent  mechanisms  (David  et  al., 

2002) .  RANKL  has  been  shown  to  act  through 
phospholipase  C  to  release  Ca^*  from  intracellular 
stores,  accelerating  nuclear  translocation  of  NF- 
kB  and  promotes  osteoclast  survival  (Komarova  et 
aL,  2003).  Furthermore,  overexpression  of  PTEN, 
a  tumor-suppressor  gene,  blocked  RANKL-acti- 
vated  Akt-stimulated  survival  (Sugatani  et  al., 

2003) .  Osteoclast  apoptosis  is  also  associated  with 
rapid  increase  in  the  proapoptotic  Bcl-2  family 
member  Bim.  Osteoclasts  formed  in  Bim"^”  mice- 
derived  bone  marrow  cultures  showed  a  marked 
increase  in  survival  rate  in  the  absence  of  M-CSF, 
however,  bone-resorbing  activity  of  these  osteo¬ 
clasts  appeared  to  be  significantly  reduced  com¬ 
pared  to  normal  osteoclasts.  These  studies  have 
shown  that  ubiquitylation  of  Bim  regulates  osteo¬ 
clast  apoptosis  and  activation  (Akiyama  et  al.,  2003). 
Nitric  oxide  production  in  the  osteoclast  promotes 
apoptosis.  Colony-stimulating  factor-1  (CSF-1), 
IL-1  beta,  and  RANKL  protected  against  the 
apoptosis  through  inhibition  of  conversion  of 
procaspases-3  and  -9  to  their  mature  forms. 
Furthermore,  CSF-1  induces  expression  of  endo- 
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genous  caspase  inhibitor  protein,  X-linked  inhibi¬ 
tor  of  apoptosis  (XIAP)  in  osteoclasts  (Kanaoka  et 
aL,  2000).  Xing  et  al.  (2001)  has  also  demonstrated 
that  transgenic  expression  of  truncated  Src,  which 
lacks  the  kinase  domain,  induced  osteoclast 
apoptosis.  These  data  provide  evidence  that  Src 
family  kinases  are  required  in  vivo  for  survival  of 
osteoclasts  associated  with  RANKL-RANK  re¬ 
ceptor  signaling.  Recently,  it  has  been  shown  that 
expression  of  Fas  death  receptors  is  upregulated 
during  osteoclast  differentiation.  Fas-mediated 
osteoclast  apoptosis  involves  mitochondrial  release 
of  cytochrome  c  and  activation  of  caspases  3  and  9 
analogous  to  other  cell  systems  (Wu  et  al.,  2003). 
The  expression  of  flotillin,  a  membrane  raft  compo¬ 
nent,  has  been  shown  to  increase  during  osteo- 
clastogenesis.  Furthermore,  disruption  of  rafts 
blocked  RANK  signaling  of  TRAF6  translocation 
and  Akt  activation,  reducing  the  survival  of  osteo¬ 
clasts  (Ha  et  aL,  2003).  It  has  been  reported  that 
lipopolysaccharides  acts  through  Toll-like  recep¬ 
tors  (TLR-4)  in  osteoclasts  promoting  survival  (Itoh 
et  al.,  2003).  Furthermore,  lipoproteins  have  been 
shown  to  modulate  osteoclast  survival  (Luegmayr 
et  al.,  2004).  These  data  suggest  that  regulation  of 
osteoclast  apoptosis  plays  an  important  role  in  the 
normal  bone-remodeling  process  to  either  enhance 
or  inhibit  osteoclastic  bone  resorption. 

VII.  OTHER  SIGNALING  MECHANISMS 
FUNCTIONAL  IN  OSTEOCLASTS 

Reactive  oxygen  species,  such  as  superoxide  pro¬ 
duction,  contribute  to  osteoclastic  bone  resorp¬ 
tion.  Evidence  also  indicates  that  the  NADPH 
oxidase  system  is  responsible  for  superoxide  gene¬ 
ration  in  osteoclasts  (Steinbeck  et  al.,  1994).  Yang 
and  coworkers  (2001)  have  cloned  and  character¬ 
ized  Nox  4,  a  novel  NAPDH  oxidase  subunit  that 
is  highly  expressed  and  functional  in  generating 
superoxide  in  osteoclasts.  It  has  also  been  pro¬ 
posed  that  proteins  containing  redox-active  iron, 
such  as  TRAP,  highly  expressed  in  resorbing 
osteoclasts  generate  reactive  oxygen  species  rep¬ 
resenting  a  novel  mechanism  of  intracellular  frag¬ 
mentation  of  bone-resorption  products  (Halleen 
et  al.,  1999).  However,  it  is  unclear  the  signaling 
mechanisms  by  which  superoxide  affects  osteo¬ 
clast  bone-resorption  activity  in  normal  and  patho- 
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logical  conditions,  such  as  Paget’s  bone  disease 
and  osteopetrosis.  Similarly,  nitric  oxide  (NO) 
generated  from  L-arginine  by  the  enzyme  nitric 
oxide  synthase  (NOS)  is  a  unique  inter-  and  intra¬ 
cellular  signaling  molecule  associated  with  osteo¬ 
clast  function.  Targeted  disruption  of  three 
isoforms  of  NOS  indicated  that  NOS  I  mediate 
osteoclast  activity  in  vitro  and  in  vivo  (Jung  et  al., 
2003).  Recent  evidence  also  suggests  that  osteo¬ 
clasts  express  functional  P2X4  and  P2X7  recep¬ 
tors,  which  are  ATP-gated  cation  channels,  and 
that  extracellular  nucleotides  act  through  P2X7 
receptors  to  active  NF-kB  to  regulate  osteoclast 
formation  and  activity  (Korcok  et  al.,  2004).  In 
addition,  it  has  been  shown  that  ryanodine-recep¬ 
tor  (RyR)  type  II  isoform  expressed  on  a  plasma 
membrane  functions  as  an  extracellular  Ca^*  sen¬ 
sor.  However,  the  molecular-signaling  mechanisms 
coordinating  RyR  expression  in  osteoclast  nuclear 
and  plasma  membranes  and  Ca^*  influx  are  yet  to 
be  delineated  (Zaidi  et  aL,  2004). 

Evidence  also  suggests  that  several  other  sig¬ 
naling  molecvdes  also  play  an  important  role  in 
osteoclast  development  and  function.  SHIP  (Src 
homology  2-containing  inositol-5 -phosphatase) 
has  been  shown  to  be  a  negative  regulator  of 
osteoclast  formation  and  activity.  SHIP-deficient 
mice  are  severely  osteoporotic  due  to  increased 
number  of  hyperresorptive  osteoclasts  (Takeshita 
et  al.,  2002).  More  recently,  it  has  also  been  re¬ 
ported  that  osteoclats  express  a  recently  described 
signaling  adapter  protein,  DAP12,  and  associ¬ 
ated  receptor  (DAR).  Deficiency  of  DAP12  is 
associated  with  bone  abnormalities  in  both  mice 
and  humans,  and  it  further  indicated  that  DAP12 
signaling  regulates  formation  of  multinucleated 
osteoclasts  (Humphrey  et  al.,  2004).  However,  a 
high  dose  of  M-CSF  has  been  shown  to  partially 
rescue  the  DAP12^“  osteoclast  phenotype  (Faccio 
et  al.,  2003b).  Also,  the  deficiency  of  TREM-2, 
an  immunoglobulin-like  cell  surface  receptor  as¬ 
sociated  with  DAP  12,  results  in  formation  of 
immature  osteoclasts  with  an  impaired  bone 
resorptivity  (Celia  et  al.,  2003). 

In  addition,  gene  array  analysis  further  iden¬ 
tified  several  genes,  regulated  by  RANKL,  which 
include  cytokines  and  cytokine  receptors 
(RANTES  and  CSF2R-a)  and  transcription  fac¬ 
tors  (NFATcl,  GABP-a,  c-Jun,  and  FUSE-bind- 
ing  protein  1)  during  osteoclast  differentiation  of 


human  peripheral  blood  mononuclear  cells  (Day 
et  al.,  2004).  Similarly,  oligonucleotide  microarray 
analysis  further  identified  M-CSF-induced  ex¬ 
pression  of  several  signaling  molecules  (TRAF2A, 
PI3K,  MEKK3,  RIPKl),  interleukins,  interferons, 
and  their  receptors  (IL-la,  IL-18,  IFN-P, 
IFN-yR)  during  osteoclast  differentiation 
(CappeUen  et  al.,  2002).  Although  a  wide  variety 
of  molecules  that  are  differentially  regulated  dur¬ 
ing  osteoclastogenesis  have  been  identified,  the 
associated  signal  transduction  cascades,  regulat¬ 
ing  osteoclast  formation  and  bone  resorption  acti¬ 
vity,  are  just  beginning  to  be  defined. 

VIII.  SUMMARY 

Osteoclast  differentiation  is  a  complex  process 
that  is  regulated  by  autocrine/paracrine  and 
intracrine  signaling  mechanisms.  RANKL  and 
M-CSF,  produced  by  stromal/osteoblast  cells  in 
the  marrow  microenvironment,  play  critical  roles 
in  osteoclast  precursor  cell  diflferentiation  to  form 
multinucleated  osteoclasts.  Transcription  factors 
(such  as  PU.l,  c-Fos,  NF-kB,  and  NFAT),  which 
modulate  target  gene  expression,  are  critical  for 
osteoclast  development  and  bone-resorption  acti¬ 
vity.  Identification  of  signaling  molecules  and 
differential  gene  expression  associated  with 
RANKL-induced  osteoclast  differentiation  should 
provide  further  insight  into  the  complex  regula¬ 
tory  mechanisms  of  osteoclast  survival,  differen¬ 
tiation,  and  bone  resorption.  These  studies  may 
identify  potential  therapeutic  molecular  targets  to 
modulate  osteoclast  formation  and  activity  in  patho¬ 
logic  conditions  with  abnormal  bone  remodeling. 
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